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Thesis Director: 
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 Groundwater is an important component of the hydrologic cycle and a crucial 

resource of fresh water for people and animals, as well as crop irrigation. In the 

subsurface, groundwater is protected from evaporation and climate fluctuations, thereby 

ensuring persistence and longevity. Surface expression of groundwater discharge (e.g., 

seeps, spring, and wetlands) supports plants and animals creating ecological niches that 

leave permanent sedimentary records that vary with biome. Springs and wetlands form 

under a variety of physical, chemical, and biological conditions. These complexities make 

understanding how modern systems form as well as interpreting ancient systems in the 

geologic record a challenge.  

Precipitation on the Ngorongoro Volcanic Highland (NVH), a ~3000 m high massif 

of volcanoes situated at the southern bifurcation of the Gregory Rift (the eastern branch 

of the East African Rift System), provides the water source for several springs surrounding 

the NVH. Despite the heavy reliance on these springs as a source of year-round fresh 

drinking water for the many people and animals residing in this region, there have been 
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virtually no studies on the sustainability or longevity of these springs. Insufficient data 

make groundwater modeling in the region problematic. Therefore, as a step toward 

generating accurate quantitative groundwater models in this region, a reconnaissance-

level, qualitative study was undertaken in Chapter One in which the physical framework 

of the groundwater basin as well as hydrologic inputs were described by examining nine 

springs and regional rainfall data. Field and laboratory methods (i.e., site observations of 

springs, water sample analysis, river flow rate analysis, regional rainfall analysis, and 

geologic cross-section generation) were used to quantify temporal and spatial rainfall 

patterns for the study area as well as to generate schematic conceptual models typifying 

regional modes of spring formation. An analysis of the rainfall data shows that two 

monsoon-driven wet seasons (October-November “short rains” and March-May “long 

rains”) occur on a yearly basis; peaks in rainfall occur nearly every 5 years and can be 

partially explained by El Niño and Indian Ocean Dipole events, but other oceanographic 

factors yet to be determined may also play a role in the interannual variability in rainfall; 

and the orography of the study area highly impacts the spatial distribution of rainfall 

(more rain on the NVH than the neighboring plains and rift valley below). Extreme 

episodic rainfall events, such as the biannual monsoons and interannual years of 

abundant rainfall seen at the study region, are known to be important for recharging 

aquifers. 

Based on geological, geomorphological, hydrological, and geochemical data 

collected, three schematic conceptual models were developed to capture modes of spring 

formation for the study region: (1) Groundwater intersects the surface at local base level; 
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(2) Permeable rock (aquifer) intersects surface along slope; and (3) Artesian flow under 

hydraulic head. These spring settings provide the physical framework for understanding 

the mechanisms of groundwater supply in the region and a model for what may be 

occurring in similar rift valley regions.  

Currently, there is no consensus on a facies model for paleowetlands. Wetlands 

have yet to be included as depositional environments in classic facies model textbooks. 

The hypothesis that wetlands have distinct facies in the geologic record and that their 

facies can be even further distinguished by the mean annual precipitation (MAP) and 

mean annual temperature (MAT) of their environment is tested in Chapter Two. Modern 

wetland deposits in the literature from each of the terrestrial biomes of the world, 

representing varying levels of MAT and MAP, were explored to determine if distinguishing 

characteristics found in the geologic record set deposits from these biomes apart. While 

this study determines that there are distinct similarities among wetland deposits across 

the world, a novel facies model that categorizes wetland deposits into three types by 

climate (i.e., Tundra/Taiga, Desert, and Grassland/Forest Wetlands) is proposed herein. 

An improved understanding and identification of the records left by wetlands is crucial 

for anticipating the future of these diverse yet fragile environments.  
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THESIS INTRODUCTION 
  

Springs and wetlands are hydrogeological features that are found world-wide. 

They exist at the surface of the Earth where they can be easily seen, yet the processes 

involved in forming them often occur below the surface, hidden from view. They provide 

a plethora of services to society and the environment including providing a source of fresh 

drinking water, improving water quality, attenuating flood waters, serving as refugia for 

biodiversity, creating recreation space, regulating carbon and nutrient cycling, and many 

more (LePage et al., 2012). Not only are they important at present, but they have also 

proven to be paramount to human survival throughout history (Ashley et al., 2009) and 

will continue to be valued through time. However, these systems have notoriously been 

difficult to understand and interpret. Springs and wetlands exist at the interface of a 

variety of physical, chemical, and biological processes which makes understanding 

modern systems and identifying ancient systems in the geologic record difficult (Tooth 

and McCarthy, 2007). The two chapters of this thesis aim to shrink this knowledge gap by 

examining modern springs on a small scale (Chapter One) and creating a facies model for 

modern and ancient wetlands at a global scale (Chapter Two).  

Chapter One focuses on the formation of modern springs in the Ngorongoro 

Volcanic Highland (NVH) region in northern Tanzania. Such springs provide a year-round 

supply of drinkable water to local people, animals, and tourists in an otherwise arid 

environment. Yet, the nature of the groundwater system supplying these springs as well 

as the spatiotemporal availability of water in the region is not well known. There are many 

reasons why these systems are poorly understood including: a lack of geological 
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(borehole) data for the region; poor record-keeping and archiving of precipitation data 

and well-pumping records; a paucity of infiltration parameters/groundwater recharge 

data; and a lack of publicly accessible data on local or regional aquifers. Without these 

data, the physical framework and the hydrological inputs of the groundwater system (two 

categories of data that are essential for making meaningful numerical groundwater 

models) cannot be accurately described (Kumar, 2015). Groundwater models are only as 

good as the data put into them. Therefore, as a step toward generating accurate 

quantitative groundwater models in this region, Chapter One undertakes a qualitative 

study to describe the physical framework and hydrological inputs of the groundwater 

system. The following data collected/generated for this study include: observations from 

nine springs visited in Summer 2018; water samples from each spring analyzed for water 

quality, major cations/anions, and stable isotopes; Garusi River flow rate; longitudinal 

profiles and geologic cross-sections connecting the recharge area to discharge area for 

each spring; and schematic conceptual models of geologic contexts of the springs.  

 In Chapter Two, the research focuses on wetland deposits in the geologic record 

on a global scale. Despite the fact that wetlands provide numerous ecosystem services 

and are studied by many scientists, little is known about them from a geological 

perspective (Tooth and McCarthy, 2007). Wetland deposits (facies) offer clues to better 

understand wetlands as depositional environments by providing an account of what is 

preserved in the geologic record. Such inferences are important to properly identify 

paleowetlands in sedimentary deposits which can be used to interpret the past 

environment, as well as to constrain models which predict how wetlands may change in 
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the future (LePage et al., 2012). However, there is currently no consensus among 

geologists as to what features from the geologic record are characteristic of 

paleowetlands (i.e., a facies model for wetlands). In fact, classic facies model textbooks 

have yet to include wetlands as an environment of deposition (e.g., Walker, 1984; James 

and Dalrymple, 2010). Chapter Two makes an attempt at characterizing wetland deposits 

in the lithologic record, determining if a unique set of characteristics can be attributed to 

wetland deposits (distinguishing them from all other depositional environments). 

Wetlands deposits from different terrestrial biomes of the world are also compared to 

one another to see if they can be even further distinguished by basic parameters of 

climate (mean annual temperature and precipitation). These objectives are addressed by 

gathering data from published documents of modern and ancient wetland deposits across 

the world. 
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CHAPTER ONE 

 
A HYDROGEOLOGIC FRAMEWORK FOR SPRING FORMATION IN THE 

NGORONGORO VOLCANIC HIGHLAND REGION 
 

 
Figure 0. 3-Dimensional image of Study Area (GoogleMaps© Landsat/Copernicus). 
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ABSTRACT 

Rainfall on the Plio-Pleistocene volcanoes of the Ngorongoro Volcanic Highland 

(NVH) in northern Tanzania provides the source of groundwater for the Ngorongoro 

Conservation Area (NCA), a national park that includes two designated Natural Heritage 

sites: Olduvai Gorge and Laetoli Footprint Site. The ~3300 m high NVH captures moisture 

from semi-annual monsoonal rains (~915 mm/yr) from the southeast trade winds casting 

a dramatic rain shadow on the Serengeti Plain to the west and rift lowlands below. With 

evaporation (~2500 mm/yr) exceeding annual rainfall, the hydrologic budget is moisture-

limited and surface runoff is seasonal. Groundwater is shielded from evaporation and 

discharges into topographic lows or fault conduits to the surface. The water supply is 

buffered from seasonal variability in rainfall. Regional groundwater systems are critical to 

the local people, animals, and tourists and the demand for fresh water from springs and 

wells is growing exponentially. However, there are virtually no hydrogeological studies 

that examine the sustainability or longevity of these spring systems. Insufficient data 

make groundwater modeling in the region problematic since groundwater models are 

only as good as the data used to constrain them.  

Therefore, as a step toward generating quantitative groundwater models in this 

region, a qualitative, reconnaissance-level study was undertaken in which the physical 

framework and hydrological inputs of the groundwater system were described by 

examining nine springs and regional rainfall data. Field and laboratory methods were used 

to generate the following data: site descriptions; water sampling and analysis for water 

quality, major anion/cations, and stable isotopes; precipitation data and analysis; river 
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flow rate data and analysis; longitudinal profiles and geologic cross-sections extending 

from each spring recharge to discharge area; and schematic conceptual models of springs 

in geologic contexts. Moreover, a novel method was introduced for measuring relative 

stream stage.  

Distinct temporal and spatial rainfall patterns were determined for the study 

region which shed critical light on generating groundwater recharge estimates. On a 

yearly basis, there are two wet seasons (October-November “short rains” and March-May 

“long rains”); On an interannual basis, peak rainfall years occur nearly every 5 years and 

can be partially explained by El Niño and Indian Ocean Dipole events, but other 

oceanographic factors yet to be determined may also play a role in the interannual 

variability in rainfall; and the orography of the study area highly impacts the spatial 

distribution of rainfall creating a distinct rain shadow from east to west. Extreme episodic 

rainfall events, such as the biannual monsoons and interannual years of abundant rainfall 

seen at the study region, are known to be important for recharging aquifers.  

Based on geological, geomorphological, hydrological, and geochemical data 

collected, three schematic conceptual models were developed to determine modes of 

spring formation in this mountainous terrane: (1) Groundwater intersects the surface at 

local base level; (2) Permeable rock (aquifer) intersects surface along slope; and (3) 

Artesian flow under hydraulic head. Additionally, of the volcanic units which comprise the 

study region, unfractured basalt units appear to have lower permeabilities than tuff units 

based on the field-based observation of the regular occurrence of groundwater seeps and 

springs in associated tuffs. Therefore, the tuff layers are interpreted to be the primary 
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local aquifers. These spring settings provide the framework for understanding the 

mechanisms of groundwater supply in the region and a model for what may be occurring 

in rift valley settings elsewhere. 

While groundwater modeling was beyond the scope of this study, it is the goal to 

provide as much of a geologic and hydrologic framework as possible in a region where 

information is sparse to nonexistent to lead to a more quantitative understanding of the 

hydrogeology of the region. Such an understanding is crucial, especially as the global 

environment changes and impacts these groundwater systems which will in turn impact 

the lives of so many people and animals that depend on them. 
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INTRODUCTION 

Hundreds of active springs have been observed to occur within the East African 

Rift System (EARS) (Cuthbert et al., 2017) (Figure 1A). Such springs provide fresh and 

potable water year-round to a countless number of people and animals in places where 

surface water is otherwise only available seasonally. Yet, the nature of these groundwater 

systems and the spatiotemporal availability of water in East Africa are poorly understood. 

One such example within the EARS where numerous springs exist and are heavily 

relied on by people and animals is the area near the Ngorongoro Volcanic Highland (NVH) 

in northern Tanzania. The NVH is a complex of volcanoes situated at the southern 

bifurcation of the Gregory Rift (the eastern branch of the EARS) (Figure 1). The NVH is a 

topographically high area that towers ~2000 m over plains to the west and ~3300 m over 

the rift valley below (Hay, 1976; Mollel and Swisher, 2012; Mana et al., 2014). To the west 

of the NVH, numerous springs persist year-round despite the fact that the environment 

there is moisture-limited. This study focuses on the groundwater system and rainfall 

patterns of this region including the southern portion of the NVH and the lowlands to the 

south and west of this area where springs occur (Figure 1B).  

The majority of the study area is within the bounds of the Ngorongoro 

Conservation Area (NCA) (Figure 1B). The NCA is a UNESCO-designated World Heritage 

Site and Cultural World Heritage Site located in northern Tanzania (Ikanda and Packer, 

2008; Melita and Mendlinger, 2013). The 8292 km2 NCA contains two designated National 

Heritage archaeological sites (i.e., Olduvai Gorge and Laetoli Footprint Site) as well as the 

250 km2 Ngorongoro Crater, a volcanic caldera designated a core wildlife reserve (Ikanda 
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and Packer, 2008; Mollel and Swisher, 2012). The NCA is home to ~70,000 Maasai people 

(Melita and Mendlinger, 2013), a few million animals (Akyoo and Nkwame; Melita and 

Mendlinger, 2013; Kisoki, 2018), and is visited by over 600,000 tourists annually (Qorro, 

2018).  

The NCA receives on average ~915 mm of rainfall a year (Tanania Meteorological 

Agency, 2019), which is exceeded by the yearly evaporation of ~2500 mm (Renaut et al., 

2017), making the region a moisture-limited environment with only seasonal surface 

runoff. All of the people and animals of the NCA, therefore, must turn to the groundwater 

as a source of fresh, potable water in order to live.  

The NVH is presumed to significantly impact the rainfall distribution and the 

recharge of groundwater for the region. Large-scale shifts in wind direction caused by the 

twice-a-year migration of the Intertropical Convergence Zone (ITCZ) drives the East 

African Monsoon system which delivers semi-annual rains to the study region (Camberlin, 

2018). During the monsoon-driven wet seasons, moisture from the Indian Ocean (~500 

km away) is carried by southeast trade winds to the NVH. As air rises over the highland, 

moisture condenses and precipitates out as rainfall, casting a dramatic rain shadow on 

the plains and rift lowlands below. The rain that infiltrates the NVH recharges the 

groundwater and is shielded from evaporation. The groundwater discharges into 

topographic lows or fault conduits to the surface and is thus buffered from seasonal 

variability in rainfall (Figure 1B). While this process is assumed for the region, it has yet to 

be clearly supported by data (Wolanski and Gereta, 2001; Olago et al., 2009). 
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 Figure 1. Study Area Context. (A) The East African Rift System (EARS) located in eastern Africa. Rift valleys 
are highlighted in yellow. The study area is boxed in red. (B) Map of the study area. The EARS bifurcates 
into two separate rifts (traced in yellow) around the Ngorongoro Volcanic Highland (NVH). The Ngorongoro 
Conservation Area (NCA) is outlined in black. Red stars indicate locations of the springs studied. The two 
National Heritage Archaeological Sites are depicted in blue. Southeast trade winds carry moisture from the 
Indian Ocean and from local lakes to the NVH, supplying water for the springs. Base map from Ryan et al. 
(2009; http://www.geomapapp.org).  

http://www.geomapapp.org/
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Groundwater in the study area is accessed naturally via groundwater discharge 

areas (i.e., spring, wetlands, rivers) or is pumped from the ground via wells with impunity 

(Kashaigili, 2010; NCAA, 2016). Not only do groundwater discharge areas of the study area 

play an important role in the survival of people, flora, and fauna today, but they also play 

an important role during periods of extended drought.  

Despite the importance of this groundwater supply to people and animals 

(domestic and wild), little research has been done to quantify and determine how 

sustainable these systems are. Insufficient data make groundwater modeling in the region 

problematic as groundwater models are only as good as the data used to constrain them. 

Therefore, as a step toward generating accurate quantitative groundwater models in this 

region, a qualitative, reconnaissance-level study is undertaken in which the physical 

framework and hydrological inputs of the groundwater system (two categories of data 

that are essential in making meaningful groundwater models) are described (Kumar, 

2015). It is noted that groundwater modeling is beyond the scope of this thesis.  

 The objectives of this study are to: (1) contribute to understanding the physical 

framework of the groundwater basin by generating schematic conceptual models of 

spring formation for nine springs visited; and (2) contribute to understanding the 

hydrological inputs of the system by examining spatial and temporal rainfall patterns 

across the study region. These contributions will provide the necessary framework for 

future hydrogeological studies and groundwater modeling.   
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BACKGROUND 

Geology 

The East African Rift System  

 The EARS is one of the few active intracontinental rift systems that exists on Earth 

today. The EARS extends roughly 4000 km north-south in East Africa, from the Red Sea 

and Gulf of Aden in the north (Triple Afar Junction) to the Zambezi River and Mozambique 

in the south (Figure 1A). The EARS represents the boundary where the African Plate is 

separating into two new tectonic plates, the Somali Plate (to the west of the rift) and the 

Nubian Plate (to the east of the rift). It is the consensus that faulting along the EARS began 

in the Oligocene as hot rising asthenosphere material uplifted the lithosphere sourced 

from mantle plumes. This resulted in a thinning of the lithosphere and various phases of 

volcanism along the rift. Fault-related volcanism along the rift ranges from below sea level 

vents in the Danakil Depression of Ethiopia to the 6000 m high Kilimanjaro mountain in 

northern Tanzania (Ebinger et al., 1997; Foster et al., 1997; Le Gall et al., 2008; Mollel et 

al., 2008; Mollel and Swisher, 2012; Mana et al., 2014; Macgregor, 2015; Scoon, 2018). 

The Ngorongoro Volcanic Highlands 

There are two branches of the EARS: the Eastern Branch (known as the Gregory 

Rift) and the Western Branch (Figure 1A). The NVH is located at the southern bifurcation 

of the Gregory Rift (Figures 1A and 2). The NVH is composed of several mainly basaltic 

shield volcanoes characterized by a widening of the EARS at about 3 degrees South. At 

least eight main extinct volcanoes or vents make up the NVH (i.e., Lemagurut, Satiman, 
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Oldeani, Ngorongoro, Olmoti, Loolmalasin, Embagai, and Kerimasi) and one active 

volcano (i.e., Oldoinyo Lengai).  

 
Figure 2. The volcanoes which comprise the Ngorongoro Volcanic Highland (NVH). Modified from Hay 
(1976). 
 

The volcanoes of the NVH are composed of various igneous compositions ranging 

from basalts to rhyolite, silica-undersaturated lavas, and carbonatites (Figure 3 and Table 

1), and range in age from late Miocene to present (Table 1). The NVH spans about 80 km 

from the southernmost Oldeani volcano to the active Oldoinyo Lengai in the north 

(Ebinger et al., 1997; Foster et al., 1997; Le Gall et al., 2008; Mollel et al., 2008; Mollel and 

Swisher, 2012; Mana et al., 2014; Macgregor, 2015). 

 

Western  
Major Bounding 

 Fault of the 
Gregory Rift 

Eastern  
Major Bounding 

 Fault of the  
Gregory Rift 
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Figure 3. Composition of sampled lavas from the Ngorongoro Volcanic Highland. Circles=Olmoti caldera 
lava; Triangles=Ngorongoro caldera lava; Pluses=Satiman volcano lava; Stars=Lemagurut volcano lava. Data 
from Mollel and Swisher (2012). Figure 16 from Stollhofen et al. (2008). 

 

In the Plio-Pleistocene volcanism was extensive along the Gregory Rift, with the 

eruption of alkali basalt-trachyte-phonolite lavas building the Satiman, Lemagurut, 

Ngorongoro, Olmoti, Embagai, Loolmalasin, Oldeani, Oldonyo Sambu, Terosero, 

Kitumbeine, Gelai, Meru, and Kilimanjaro mountains. After ~1.2 Ma there was a faulting 

event associated with another phase of volcanic activity (Mollel and Swisher, 2012). These 

lavas (forming ultra-basic to ultra-alkaline phonolites and feldspathoidal syenites) were 

not as large in volume and were more explosive than the previous volcanism and are 

thought to have built the pyroclastic cones of Meru, Monduli, Oldonyo Lengai, and 

Kerimasi. At Oldonyo Lengai and Kerimasi, however, carbonatite lavas, nephelinites, and 
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phonolites have been documented (Dawson, 2008; Mollel et al., 2008; Mollel and 

Swisher, 2012; Mana et al., 2014). 

Table 1. Summary of the type, age, and composition of the main volcanoes comprising the NVH. Ages were 
determined using either 40Ar/39Ar or K-Ar dating (Dawson 2008a; Mollel and Swisher 2012b). 

Volcano Name Typea 
~Ageb 
(Ma) 

Primary Compositionsa,b 

Oldoinyo Lengai Stratovolcano 150 ka – 
Present 

Carbonatite; Nephelinitic and phonolitic tuffs and 
agglomerates 

Kerimasi Stratovolcano 1.1 Carbonatite; Nephelinitic pyroclasts, carbonatitic 
limestone, agglomerate, and agglomeratic tuffs 

Embagai Shield 1.2 – 0.6; 
 

Porphyritic nephelinite, foidite, occasional glassy lava 

Loolmalasin 
 

Shield N/A Basanite, basalt, trachyte 

Oldeani Shield 1.6 - 1.5 Basalt and trachyandesite 
 

Olmoti Shield 2.0 – 1.8 Lavas and other pyroclastics ranging from basalt 
through trachyte 

Ngorongoro  Shield 2.3 – 2.2 Lavas range from basalt to rhyolite and includes 
ignimbrites and agglomerates 

Lemagurut  Shield 2.4 – 2.2 Phaneritic basalt through hawaiite, mugearite, and 
benmorite  

Satiman Stratovolcano 4.6 – 3.5 
 

Porphyritic foidite to phonolite  

 
Study Area 

 
 The volcanoes of the NVH associated with the study area include Oldeani, 

Satiman, Lemagurut, Ngorongoro, and Olmoti (Figure 1B). The nine springs examined as 

a part of this study are believed to be recharged from moisture intercepted by these 

volcanoes, located in the southern portion of the NVH. All volcanoes are shield volcanoes, 

except for Satiman which is a stratovolcano (Dawson, 2008). These volcanoes formed 

during the Plio-Pleistocene, more specifically between 4.6 and 1.5 Ma, and are composed 

of alkali basalt-trachyte-phonolites (Table 1) (Dawson, 2008; Mollel et al., 2008; Mollel 

and Swisher, 2012; Mana et al., 2014). 
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Surficial geological information of the study area is obtained via geologic maps 

(Geological Survey of Tanzania, 1958, 1961, 1964, 1965) which are provided in Appendix 

I. To summarize, a stitching of the geologic maps relevant to the study area is provided 

below as Figure 4. The subsurface geology of the study area cannot be accurately 

described here because very little geologic borehole records are available; therefore, the 

geologic description is limited to observations of surficial geology and exposed outcrops. 

In general, the oldest surficial geologic units are Precambrian-aged bedrock consisting of 

gneisses, quartzites, schists, granodiorite, granite, and cataclasites which are found at and 

surrounding the escarpment bordering the west of Lake Eyasi as well as at a number of 

smaller outcrops exposed among the calcareous tuffs and localized carbonate deposits in 

the western portion of the study area. Lying above these units are Pleistocene-aged 

extrusive units consisting of tuffs and basalts which cap the volcano summits. Units 

associated with Satiman, Ngorongoro, Lemagurut, and Oldeani include basalt, olivine 

basalts, trachyte, undifferentiated basaltic lavas, tuffs and agglomerates, nephelinites, 

volcanic conglomerate, and phonolite. At higher elevations, near the volcano summits, 

are Recent red soils and red brown earthy tuffs. Additionally, alluvium occurs at the base 

of the mountains at the margin of Lake Eyasi, Lake Olbalbal, and Lake Masek (Geological 

Survey of Tanzania, 1958, 1961, 1964, 1965).  
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Figure 4. A stitching of four geologic maps that cover the study region. The maps were made at different 
times, therefore, colors and names of geologic units vary from one map to another. Stars indicate locations 
of springs studied. Black lines follow approximate location of major bounding fault of the EARS that cuts 
through the study region. Detailed Quarter-Degree Sheets (Geological Survey of Tanzania, 1958, 1961, 
1964, 1965) are provided in Appendix I.  

 
Climate  

The climate in East Africa is complex in that it is controlled by many factors: from 

large-scale tropical atmospheric factors such as convergence zones, jet streams, and 

monsoons to regional terrestrial factors such as topography, lakes, and maritime 

influence such as sea-surface temperature variability (Figure 5). In most of the region, 

there are two wet seasons which occur when the East African Monsoon brings moisture 

from the Indian Ocean to the East African region. The shifts in wind direction that result 
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in the semi-annual rains of the East African Monsoon are caused by the twice-a-year 

migration of the ITCZ (Camberlin, 2018). Variability in wet seasons is evidenced to be 

strongly linked to El Niño-Southern Oscillation (ENSO) events, where years with more 

rainfall are associated with ENSO years (Indeje et al., 2000; Nicholson, 2017). Additionally, 

on multidecadal timescales, the Indian Ocean Dipole (IOD) (Kijazi and Reason, 2009; 

Tierney et al., 2013) as well as the North Atlantic Oscillation (NAO) (Lechleitner et al., 

2017) have been shown to enhance East African rainfall variability. Furthermore, the 

complex interactions between ENSO and IOD can result in intense rainfall events which 

have been shown to drive groundwater recharge in the region (Taylor et al., 2012). 

 
Figure 5. Factors that influence rainy seasons (MAM=March through May; JAS=July through September; 
ON=October through November) in East Africa and the interrelationships among the factors. Figure 
modified from Nicholson (2017).  
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Various studies have supported the idea that long-term wet/dry cycles in the East 

African region are driven by precession orbital cycles. Diatomite beds in the Central 

Kenyan Rift, indicative of periods of freshwater lake development during the Late 

Cenozoic, are spaced at ~23 thousand year intervals, correlating with precession-driven 

orbital cycles (Deino et al., 2006). At Olduvai Gorge in Tanzania, paleolake expansion and 

contraction during the Pliocene-Pleistocene boundary was interpreted to be linked to 

precession-controlled cyclicity by a high-resolution tuff-defined stratigraphic record 

(Ashley, 2007). Carbon-isotopic signatures of organic matter preserved in lake sediments 

at Olduvai Gorge from ~2 Ma were observed to correlate primarily with precession-

controlled cycles (Magill et al., 2013; Colcord et al., 2018). Furthermore, authigenic clay 

geochemical analysis of mudstone samples at Olduvai Gorge indicated that the 

Pleistocene lake salinity levels at this locality were controlled by precession cycles 

(Deocampo et al., 2017). Also at Olduvai Gorge, groundwater modeling and 

paleogeological reconstruction done by Cuthbert and Ashley (2014) suggests that the 

Olduvai groundwater system would likely have provided a freshwater resource 

throughout the precession cycle, even during long droughts occurring on decadal to 

multicentennial timescales (Cuthbert and Ashley, 2014).  

 

Hydrology 

Precipitation 

Annual rainfall is bimodal in most of the region: the main wet season is from 

March to May (MAM) and the short wet season is from October to November (ON) each 
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year. The twice-a-year migration of the ITCZ, accompanied by shifting wind directions, 

drives the semi-annual rainfall pattern (Camberlin, 2018). During the MAM wet season, 

also referred to as “masika”, rains are typically longer and heavier. The ON wet season, 

referred to as “vuli”, is typically shorter and less reliable than the MAM wet season. Most 

interannual variability is, therefore, associated with the ON rains (Nicholson, 2017). 

Surface Hydrology 

 Rainfall on the NVH is quickly transported via ephemeral streams downslope 

toward the nearest base levels (Figure 6). Base levels include the surrounding rift lakes 

(i.e., Lake Eyasi to the southwest, Lake Manyara to the southeast, and Lake Natron to the 

north of the NVH) as well as Lake Olbalbal and Lake Masek to the west of the NVH (Figures 

1B, 2, and 6). Surface water also collects seasonally within the calderas of NVH volcanoes, 

such as Lake Magadi in the caldera of Ngorongoro Crater and Lake Empakat in the caldera 

of Embagai Crater. Additionally, surface water feeds wetlands that are scattered 

throughout the area (Geological Survey of Tanzania, 1958, 1961, 1964, 1965). 

Groundwater 

 While numerous springs and groundwater-fed wetlands occur throughout the 

NCA and are critical for wildlife, tourism, industry, and people living in the NCA, the 

hydrogeology of the region has not been thoroughly studied (Deocampo and Ashley, 

1999; Kashaigili, 2010; Cuthbert et al., 2017). Very limited geological borehole data are 

available and usually these data are only privy to private Hydrogeological Surveying firms 

or Environmental/ Engineer/ Construction firms (ex: Sawere 2015).  
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Figure 6. Surface water drainage pattern for the study region. Most streams are ephemeral. Surface water 
travels from NVH to the nearest base level. Spring names are labeled in white; volcanoes are labeled in 
yellow; and lakes are labeled in blue (GoogleEarth© Image Landsat/Copernicus). 

 
Geomorphology 

 The NVH spans a distance of ~90 km from the Eyasi half graben in the southwest 

to the steep Natron Basin boundary fault escarpment in the northeast (Figure 2). At least 

nine main extinct volcanoes or vents make up the NVH and one active volcano (Table 2). 

Some of the volcanoes contain large craters (i.e., Ngorongoro, Olmoti, and Embagai), but 

most do not. The elevation of the volcanoes range from 2380 m (Ngorongoro) to 3648 m 

(Loolmalasin) and the diameters range from 6 km (Satiman) to 35 km (Ngorongoro). The 

NVH rises as much as 2900 m (Loolmalasin) to 700 m (Satiman) over the plains and rift 

valleys adjacent to the west. The NVH sits at the southern bifurcation of the Gregory Rift 
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where the rift diverges into two rifts bounded by major faults. The western major 

bounding fault runs N-S through the study area, cutting through Lemagurut and 

continuing along the western border of Lake Eyasi. The eastern major bounding fault runs 

N-S through the study area, cutting through the NVH in the northwest by Oldoinyo Lengai 

and continuing along the eastern boundary of the NVH/ western boundary of Lake 

Manyara (Figure 2) (Dawson, 2008; Mollel and Swisher, 2012).  

Table 2. NVH Geomorphology (Dawson, 2008; Mollel and Swisher, 2012). 

Volcano Name Elevation (m) 
Relief over 

Adjacent Rift 
Valley or Plain (m) 

Diameter 
(km) 

Crater 
Diameter 

(km) 
Crater Lake 

Oldoinyo Lengai 3188 2300 12   
Kerimasi 2575 1700 13   

Embagai 3235 2300 30 6.3 x 7.8 Lake Empakat 
Loolmalasin 3648 2900 25   
Olmoti 3101 1800 30 6  
Ngorongoro  2380 1300 35 19 x 22 Lake Magadi 
Lemagurut  3135 1500 20   
Satiman 2870 700 6   

Oldeani 3219 2200 20 5  

 
 Various processes take place at the surface of the study area to create the features 

and forms described above. Endogenic processes such as volcanism and rifting and 

exogenic processes such as alluvial, colluvial, and even aeolian processes are the main 

processes controlling the shape of the landscape (Ritter et al., 2011). The following 

sections summarize these surface processes and their relation to the study area.  

Endogenic Processes 

Volcanism 

The volcanoes which make up the NVH are classified as shield volcanoes and 

stratovolcanoes (including carbonatite volcanoes) (Table 1). Samples of lava from 

Satiman, Lemagurut, Ngorongoro, and Olmoti were analyzed and their compositions are 
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summarized as Figure 3 (Stollhofen et al., 2008; Mollel and Swisher, 2012). The volcanoes 

are mainly composed of basalts and trachy-andesites which are associated with effusive 

lava flows typical of shield volcanoes. However, some lava flows are more alkaline, 

indicating more explosive viscous lava flows containing more water and gas, typical of 

stratovolcanoes (McHenry et al., 2008; Stollhofen et al., 2008; Ritter et al., 2011; Mollel 

and Swisher, 2012). The two youngest volcanoes of the NVH, Oldoinyo Lengai and 

Kerimasi, are both carbonatite stratovolcanoes which are composed of very fluid and 

highly weatherable carbonatite ash. Over time, weathering and erosion processes modify 

and smooth the rugged terrain built up by volcanic processes and redistribute material 

from higher to lower elevations (Dawson, 2008; Ritter et al., 2011; Mollel and Swisher, 

2012; Ashley, 2014). While many volcanoes make up the NVH, all are dormant, except for 

the carbonatite volcano Oldoinyo Lengai located in the northeast of the NVH (Table 1). In 

fact, Oldoinyo Lengai is the only carbonatite volcano in the world that is actively erupting. 

Oldoinyo Lengai, referred to as the “Mountain of God”, continues to build up the 

landscape. Its latest eruption was recorded to occur between 2007-2008, where 

significant ash was deposited; however, updates since then of effusive carbonatite lava 

flows inside the pit crater starting in 2017 and continuing through present day have been 

observed (Global Volcanism Program, 2019). 

Rifting 

 The EARS is presently active and undergoing extensive continental extension 

(Figure 1B). As a consequence of the rifting, a series of half grabens have formed along 

the EARS where linear valleys are bordered by regional escarpments. In the study region, 
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two major normal bounding faults (part of the Gregory Rift) run N-S through the NVH and 

form the Eyasi Basin in the southwest and the Natron-Manyara Basin in the east (Figure 

7). The western border fault of Lake Eyasi can be traced northward dissecting Mt. 

Lemagurut (Figure 7, yellow highlight) and continues on to Lake Natron. This indicates 

that the normal fault is younger than Mt. Lemagurut (faulting occurred at least <2.2 Ma) 

(Table 1). Additionally, the normal fault provides a direct conduit for surface water to 

enter the groundwater system supplying the Endulen area. These sedimentary basins are 

half-grabens occupied by shallow seasonal lakes (Lake Eyasi, Lake Natron, and Lake 

Manyara). Between the Eyasi and Manyara faults is the Mbulu plateau which contains 

several internal faults (Figure 7). These two major escarpments have drastically impacted 

the regional topography and thus the regional drainage patterns (Le Gall et al., 2008; 

Ritter et al., 2011; Scoon, 2018).  
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Figure 7. Fault distribution within the study region. (A) 2-Dimensional map of faults located in the 
Mbulu plateau between Eyasi and Manyara. Yellow highlight indicates where major bounding fault 
dissects Mt. Lemagurut. (B) Structural cross-section in the Mbulu plateau (Vertical Exaggeration is 
~10). Modified from Le Gall et al. (2008).  

(B) 
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Exogenic Processes 

While volcanism builds up the landscape and rifting causes local subsidence and 

faulting, exogenic processes (i.e., colluvial, alluvial, and aeolian processes) work to level 

out the topography by redistributing material and reshaping the landscape.  

 Tropical weathering of volcanic rocks of the NVH under semi-arid and arid climate 

has created a cover of soil and unconsolidated sediment that is moved by colluvial 

(gravity-driven), alluvial (running water) (Figure 8), and aeolian (wind) processes in areas 

of sparse vegetation. The western drier slopes of the study region, where poor grazing 

practices by Maasai locals have seriously reduced vegetation, are highly vulnerable to 

these exogenic processes.  

 
Figure 8. Pictures of a flash-flood in action in Olduvai Gorge in 2011, photographed by Dr. Gail Ashley. Debris 
captured by the river can be observed in the right pictures.  
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STUDY AREA 

Spring Study Sites and DIVER Locations 

 Nine springs located in the environs of the NVH were chosen for study: Endulen, 

Engina, Mtane, Misilli, Ngoile, Kisima Ngeda, Garafani, Esere, and Eremet. The springs 

were selected because they had history of persistent flow based on verbal reports from 

community leaders and/or their locations were on geologic or topographic maps 

produced in the ~1960’s indicating longevity of at least 60 years (Geological Survey of 

Tanzania, 1958, 1961, 1964, 1965). Endulen, Engina, and Mtane springs are located along 

the western slope of Mt. Lemagurut/ Mt. Satiman; the Misilli and Ngoile springs are 

located at the base of Mt. Olmoti’s western slope; the Kisima Ngeda and Garafani springs 

are located to the south of Mt. Oldeani, on the northeast shore of Lake Eyasi; the Esere 

spring is located to the southwest of Mt. Lemagurut/ Mt. Satiman; and the Eremet spring 

is located to the northwest of Mt. Lemagurut, to the east of Lake Masek (in the Olduvai 

drainage).  Spring locations are depicted in Figure 1B, 3, and 6.  

 In addition to these springs, some data were collected on surface runoff in the 

Garusi River. Two pressure transducers (DIVERS; discussed in methods section) installed 

in the channel of the Garusi River were recovered to measure seasonal discharge: one in 

the upper watershed of the river and one in the middle watershed (near the Laetoli 

footprint site). In addition, a DIVER was recovered from the Endulen Hospital office to 

measure local air pressure changes. The locations of the recovered DIVERS and an image 

of the instrument are depicted in Figure 9.  
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Figure 9. DIVER. (A) Recovered DIVER locations indicated by red triangles. Two DIVERS were recovered from 
the Garusi River and one atmospheric DIVER was recovered from the Endulen Hospital. The Laetoli 
Footprints site is indicated in blue. Base map from Ryan et al. (2009; http://www.geomapapp.org). (B) 
Image of DIVER instrument (~9 cm long) (Van Essen Instruments B.V., 2017). 

  

(A) 

(B) 

http://www.geomapapp.org/
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METHODS 

Data were collected in the field and laboratory. In order to gain an understanding 

of the groundwater system, nine springs located within the rain shadow of the NVH 

(Figure 1B) were visited and data including GPS position, site descriptions of local 

geomorphology and geology, and water samples were collected in July 2018. Laboratory 

methods included geochemical analysis of groundwater samples, preliminary analysis of 

the Garusi River seasonal discharge recorded by DIVERS, analysis of spatial and temporal 

variability of regional rainfall data, the creation of geologic cross-sections from spring 

recharge to discharge, and schematic conceptual models of groundwater flow and spring 

formation.  

Field Methods 

Site Descriptions 

At each spring location, the following information was collected when possible: 

geomorphic setting, local surficial geology, locals’ knowledge on groundwater and water 

supply, reports, photographs, GPS points, and any other miscellaneous observations such 

as possible sources of local pollution of water.  

Water Sampling 

All water sampling was done at or as close to the spring orifice as possible to get 

the most representative measurements of the groundwater at each spring locality. Water 

quality data including pH, temperature, and conductivity were collected using the Oakton 

PC 10 portable water quality probe. The probe was calibrated before use. Alkalinity 

measurements of the water samples were collected using the HANNA H1775 Checker HC 
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Handheld Colorimeter.  Water for major cation analyses were collected at each spring in 

25 mL Nalgene bottles (pre-washed with acid) with screw caps and filtered in the field 

using 0.2 micron filters.  Water for major anion analyses were collected at each spring in 

25 mL Nalgene bottles (rinsed with deionized distilled water) with screw caps and filtered 

using 0.4 micron filters.  Water for stable isotope analyses were collected at each spring 

in glass vials which were prepared on purchase for isotope sample collection. Additionally, 

water for isotope analyses were collected from a few additional spring locations in the 

Serengeti to the west for comparison purposes.  

DIVER Collection 

 As part of an ongoing modern hydrology and ecology study of the Ngorongoro 

region by Dr. Mark Cuthbert and Dr. Gail Ashley, pressure transducers (DIVERS) were 

placed at various locations within the study region between 2015-2018 to record river 

discharge during the fall and spring rainy seasons of 2015-2018 and any short term rain 

events that may occur throughout the year. Eight DIVERS were installed in summer 2015; 

however, only three DIVERS were recovered in summer 2016. The remaining five DIVERS 

could not be located and were presumed to have been a casualty of erosion. Data from 

the three recovered DIVERS were downloaded and the DIVERS were re-installed in 

summer 2016. Only two of the three reinstalled DIVERS were recovered in summer 2018. 

A summary of all installed DIVERS is provided as Table 3.  

Two DIVERS from the Garusi River channel were recovered: one installed in the 

upper watershed of the channel (installed 2015, recovered 2016) and one installed in the 
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middle watershed of the channel (installed 2016, recovered 2018). DIVERS were attached 

to trees or buried under boulders within the channel of the river.  

Additionally, a DIVER stored at the Endulen Hospital office to measure local air 

pressure changes was recovered (installed 2015, recovered and re-installed 2016, 

recovered 2018). The location of the recovered DIVER from the Endulen Hospital office is 

also depicted in Figure 9. 

Table 3. Location and status of the eight installed DIVERS. “X” indicates 
DIVER was lost and data were not recovered. 

# DIVER ID DIVER Location Recovered Data 

1 C7277 Main Gorge Olduvai (weir dam) X 
2 F0799 Side Gorge Olduvai (weir dam) X 
3 F0906 Endulen spring (weir) X 
4 G1090 Middle Garusi River (channel) X 
5 D8282 Lower Garusi River (channel) X 
6 F0790 Upper Garusi River (channel) 2015-2016 
7 F0346 Endulen (indoor - hospital) 2015-2018 
8 F1228 Middle Garusi River (channel) 2016-2018 

 
Laboratory Methods 

Geochemical Analysis 

Major cation analyses of the water samples were performed on a high resolution 

Inductively Coupled Plasma Mass Spectrometer (ICP-MS), model Element XR (Thermo, 

Germany), at the Rutgers Inorganic Analytical Laboratory (RIAL) directed by Yair Rosenthal 

and Robert Sherrell from the Department of Marine and Coastal Sciences. Samples were 

run by Kaixuan “Ryan” Bu, RIAL Manager/ Research Associate. Samples were analyzed for 

the following cations: Calcium, Manganese, Sodium, Magnesium, and Potassium.  

Major anion analyses of the water samples were performed on a Dionex™ 

Aquion™ Ion Chromatography (IC) System at the Rutgers Department of Environmental 

Sciences directed by Nathan Yee. Samples were run by Research Assistant Yuwei “Cindy” 
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Wang. Samples were analyzed for the following anions: Fluoride, Chloride, Bromide, 

Nitrate, and Sulfate. 

Stable isotopes of the water samples were performed on a Picarro L2130-i cavity 

ringdown spectrometer with an A0211 high-precision vaporizer and attached 

autosampler at the University of Michigan Department of Earth and Environmental 

Sciences (Ann Arbor). The samples were run by Phoebe Aron, a graduate student at 

University of Michigan. The Picarro ChemCorrect software was used to monitor samples 

for organic contamination. Precision was better than 0.1‰ and 0.3‰ for δ18O and δD, 

respectively. 

Precipitation Analysis 

 Monthly rainfall data collected at 23 sites during varying time periods within the 

NCA were provided by the Ngorongoro Conservation Area Authority (NCAA) for analysis. 

Rainfall data were analyzed to determine temporal and spatial trends. Additionally, 

rainfall data at Kisima Ngeda were collected from 1995 to 2015 by Chris Schmeling. ENSO 

(Jan Null, 2019) and IOD (Australian Government Bureau of Meteorology, 2019) data were 

also analyzed in conjunction with the rainfall data. 

 Additionally, an unpublished poster (Macha, 2019), which used the same rainfall 

data from the NCAA to determine rainfall patterns for the NCA, was included as a part of 

this analysis.  

River Flow Rate Analysis 

The DIVER is a submersible datalogger designed to measure water pressure and 

temperature when submerged at a fixed level under the water surface as a proxy for 
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discharge. The data are stored for up to 2½ years and the instrument has a 10-year battery 

life (Van Essen Instruments B.V., 2017). The data from the three retrieved DIVERS (i.e., 

Upper Garusi River, Middle Garusi River, and the Endulen Hospital office) (Figure 9) were 

downloaded to a computer (the data cannot be accessed remotely) and analyzed as a part 

of the flow rate analysis.  

 A groundwater model was created in 2012 by Rutgers undergraduate student 

Elizabeth Miller using the MODFLOW program produced by the USGS (a modular finite-

difference flow model that solves the groundwater flow equation) to estimate the rate of 

groundwater flow into wetlands surrounding Lake Eyasi. Findings from this report are 

included as a part of the flow rate analysis.  

Geologic Cross-Sections  

Based on the collected field and laboratory data as well as additional resources 

such as geologic and topographic maps, GeoMappApp, and Google Earth Pro, five 

geologic cross-sections were made from the presumed spring recharge locations (volcano 

summits) to the spring discharge locations.  

Spring Schematic Conceptual Models  

  Based on the integration of the geological, geomorphological, hydrological, and 

geochemical data collected, three schematic conceptual models were developed to 

determine modes of spring formation for the nine springs examined in the study region. 
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RESULTS & INTERPRETATIONS 

Site Descriptions 

Detailed descriptions of the sites visited during summer 2018 are provided below 

and summarized as Table 4. Dr. Gail Ashley of Rutgers University and Dr. Mark Cuthbert 

of Cardiff University have visited most of these springs on various occasions; however, 

only information from the reconnaissance in July 2018 is reported herein.   

Endulen 

 The Endulen spring (Figure 10A) was visited on June 21st, 2018. Site elevation at 

GPS coordinates 0312’56”S, 3516’8.5”E was 1813 m. The spring is composed of the 

combined flow from multiple groundwater seeps into rills and small channels at the 

headwaters of the Endulen River. Whereas the discharge points were not directly 

observable, water pooled naturally in depressions in the river channel and behind weirs 

built by local residents. The geologic setting appears to be an alluvial/ colluvial fan. The 

surficial geology surrounding the river was covered with soil and vegetation; the river bed 

contained large basalt clasts ranging in size from pebbles to boulders. Fig trees were 

situated along the bank of the river. Water samples were collected roughly 30-50 m away 

from the seepage points where the river water was flowing. The Endulen spring is the 

main water source for the village of Endulen and is used for drinking water, domestic use, 

and watering livestock. Annotated photos of the Endulen spring site are provided as 

Appendix II.  
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Figure 10A. Endulen spring photograph. View of spring seepage area at headwaters of stream. Fig tree 
situated on the left. More photographs of the Endulen spring are included in Appendix II.  

 
Engina 

 The Engina spring (Figure 10B) was visited on June 23, 2018. Site elevation at GPS 

coordinates 0312’59.5”S, 3515’38.5”E was 1771 m. Isaiah Olemoita, a local of the town 

of Endulen, was guide. A small spring pool surrounded by lush, tall vegetation is presumed 

to be fed by numerous groundwater seeps. Water from the spring pool flowed into a man-

made cement structure which dammed the water to keep it clean and allow for easy 

access by locals. The geologic setting was interpreted to be an alluvial fan. Surficial 

geology was unobservable due to cover by soils and vegetation. Water samples were 

collected adjacent to the spring pool where the water was flowing into the cement 

structure. The spring flows year-round and has been a dependable water source for many 

years, perhaps decades (Isaiah Olemoita, personal communication, July 2018). The water 
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is used for drinking, washing, and watering livestock. Annotated photos of the Engina 

spring site are provided as Appendix II. 

 
Figure 10B. Engina spring photograph. View of flowing water coming from highly vegetated spring 
seepage area. Water is flowing toward photographer. More photographs of the Engina spring are 
included in Appendix II. 

 
Mtane 

 The Mtane spring (Figure 10C) was visited on June 23, 2018. Site elevation at GPS 

coordinates 0313’35”S, 3516’33”E was 1710 m. Once again, Isaiah Olemoita, a local of 

the town of Endulen, was guide. Groundwater discharged under weak hydraulic head 

from riverbed sediments at the headwaters of the Mtane River and flow rapidly 

downstream. The surficial geology surrounding the river was covered with soil and 

vegetation; the river bed contained large lava clasts ranging in size from pebbles to 

boulders. The geologic setting appeared to be an alluvial fan. Holes dug into the river bed 

no larger than a meter in diameter were explained to be locations where locals extracted 
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groundwater (Isaiah Olemoita, personal communication, July 2018). Yellow Fever trees 

were situated along the banks of the river. Water samples were collected at the spring 

orifice. The spring flows year-round (Isaiah Olemoita, personal communication, July 

2018). Annotated photos of the Mtane spring site are provided as Appendix II. 

 
Figure 10C. Mtane spring photograph. View of the river headwaters where groundwater is seeping out. 
More photographs of the Mtane spring are included in Appendix II. 
 

Misilli 

The Misilli spring site was not visited due to the inability to obtain a permit from 

officials during the visit. In the spring area, a well was enclosed in a building to protect 

the quality of the water and deter pilferers. A pipe carried water from the well downhill 

to the local village where it was stored in a tank and dispensed to villages (Figure 10D); 

the water sample was taken directly from the pipe coming from the well. Site elevation 
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at GPS coordinates 0259’0.48”S, 3530’23.74”E was recorded as 1335 m where the water 

was collected on June 18, 2018.  

 
Figure 10D. Misilli photograph. View of the storage container filled with water from the Misilli spring area. 
Locals use faucet on container to fill up their buckets with water.  

 
 Ngoile 

Similarly to Misilli, the Ngoile spring was not visited due to the inability to obtain 

a permit because of time constraints. In the spring area, a well was enclosed in a building 

to protect the quality of the water and deter pilferers. A pipe carried water from the well 

downhill to the local village where it filled a man-made cement structure for easy access 

and hygienic purposes (Figure 10E). Water was collected once again directly from the pipe 

coming from the well. Site elevation at GPS coordinates 0302’22.88”S, 3529’0.13”E was 

recorded as 1341 m where the water was collected on June 18, 2018.  
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Figure 10E. Ngoile photograph. View of the man-made cement 
structure trough filled with water conveyed via pipe from the 
Ngoile spring area.  

 
Kisima Ngeda 

 The Kisima Ngeda spring area (Figure 10F) was visited on June 26, 2018. Site 

elevation at GPS coordinates 0328’32.8”S, 3521’1”E was 1032 m. Several large spring 

pools were identified adjacent to and downslope from a ~15 m tall outcrop of vesicular 

basalt (volcanic neck). The spring pools fed into an expansive wetland system bordering 

Lake Eyasi. The geologic setting appeared to be an alluvial fan with localized outcrops of 

vesicular basalt. The entire area was surrounded by tall, lush vegetation whereas only a 

mile or so upslope from the springs, savannah vegetation dominated and Baobab trees 

occur. The Kisima Ngeda Tented Camp is located in the vicinity and frequented with 
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tourists. Local Chris Schmeling, owner of the tented camps, was interviewed. Daily rainfall 

measurements are collected by Chris Schmeling, showing that Kisima Ngeda received 

~400 mm of rain in the past year of 2018. Rainfall measurements collected by him for the 

last 20 years were shared with the research team and are discussed in the precipitation 

analysis. Groundwater was collected in 2013 from the wetland area adjacent to the basalt 

outcrop. Annotated photos of the Kisima Ngeda spring site are provided as Appendix II. 

 
Figure 10F. Kisima Ngeda spring photograph. View of small portion of extensive wetland system at Kisima 
Ngeda. More photographs of the Kisima Ngeda springs are included in Appendix II. 
 

Garafani 

The Garafani spring area (Figure 10G) was visited on June 27, 2018. Site elevation 

at GPS coordinates 0330’8.4”S, 3523’9.1”E was 1090 m. These springs were located to 

the southeast of Kisima Ngeda. Groundwater seeps out of and around an outcrop of 

volcanic rock and collects downslope into large pools bordered by lush wetland. Water 
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samples were collected at a spring orifice where water seeped out of volcanic rock. Yellow 

Fever and Ficus trees were situated adjacent to the spring pool. Approximately 50 locals 

occur by the spring pool collecting water into five-gallon buckets. Annotated photos of 

the Garafani spring site are in Appendix II. 

 
Figure 10G. Garafani spring photograph. View of spring pool and surrounding wetland vegetation. More 
photographs of the Garafani spring are included in Appendix II. 

 
Esere 

The Esere spring area (Figure 10H) was visited on June 22, 2018. Site elevation at 

GPS coordinates 0318’5”S, 3511’14.2”E was 1591 m. While the spring discharge points 

were not directly observable, they were interpreted to exist at multiple points where 

water pooled at the surface and fed a large wetland. The bedrock is fractured basement 

rocks. The surficial geology was exposed throughout most of the area and consisted of 
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highly fractured/ faulted tuff. Additionally, mounds of tufa deposits (i.e., mounds of 

sandy-silty gray carbonate) were observed throughout the area. Areas surrounding the 

springs consisted of lush wetland vegetation; however, the remainder of the site 

contained very little if any vegetation. The water is used for drinking, washing, and 

watering livestock. Water samples were collected from a well located within the spring/ 

wetland area since no spring orifice or flowing water was observable. Annotated photos 

of the Esere spring site are in Appendix II. 

 
Figure 10H. Esere spring photograph. View wetland vegetation surrounding spring area. More photographs 
of the Esere spring are included in Appendix II. 
 

Eremet 

The Eremet spring area (Figure 10I) was visited on June 24, 2018. Site elevation at 

GPS coordinates 0301’35”S, 3504’29.7”E was 1594 m. The site is located ~3.5 km east 

of Lake Masek. Groundwater discharges at the base of the slope in a seep-line extending 
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~1 km in the east-west direction. Water seeps out of silty-sand volcaniclastic-altered tuff 

into a depression which appears by its geomorphology to be a paleo lake basin. Water 

collects into pools and drains toward the center of the basin where it flows generally 

downslope to the east. Water samples were collected where groundwater was seeping 

out of the tuff and collecting in a pool directly below the orifice. Surficial geology 

consisted of fractured carbonate-cemented tufaceous silt, posited to have been 

deposited in a high-stage lake environment. Lush wetland vegetation immediately 

surrounded the spring pools and continued along the entire rim of the paleo lake basin. 

Annotated photos of the Eremet spring site are provided as Appendix II. 

 
Figure 10I. Eremet spring photograph. View looking into pale lake basin where springs discharge, looking 
west. More photographs of the Eremet spring are included in Appendix II. 
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Garusi River 

The Middle Garusi River was visited on June 22, 2018. Site elevation at GPS 

coordinates 03°12’37.3”, 035°12.5’57.6” was recorded as 1779 m. The Upper Garusi River 

was visited on June 25, 2018. Site elevation at GPS coordinates 0312’36.4”S, 

3512’58.4”E was recorded as 1782. The river bed at both locations was dry and channel 

depth was estimated to be ~3 m below the ground surface. The river bed contained 

alluvial deposits consisting of sand, silt, and large clasts ranging in size from pebbles to 

boulder. Two DIVERS were installed in the Garusi River in 2016; only one was retrieved at 

the time of the site visit (Middle Garusi DIVER). The recovered instrument was found 

attached to the root of a tree located on the bank of the river (Figure 10J). Annotated 

photos from the Middle and Upper Garusi River are provided as Appendix II. 

 
Figure 10J. Middle Garusi River photograph. Retrieved DIVER from river by Joseph Masoy and Gail 
Ashley. DIVER was secured to root of tree with cable ties and buried under boulders on July 2, 2016. 
More photographs of the Garusi River are included in Appendix II.  
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Table 4. Site Descriptions Summary.  

Site Name Coordinates 
Elevation 

(m) 
Type 

Geologic 
Setting 

Sample Location 

Endulen 0312’56”S 

3516’8.5”E 

1813 Seepage springs 
feeding river 

Alluvial fan; 
volcaniclastics 

30-50 m 
downstream 
from orifice 

Engina 0312’59.5”S 

3515’38.5”E 

1771 Seepage spring 
feeding small 
Spring pool and 
wetland 

Alluvial fan; 
volcaniclastics 

Flowing water 
adjacent to 
spring pool 

Mtane 0313’35”S 

3516’33”E 

1710 Seepage springs 
feeding river 

Alluvial fan; 
volcaniclastics 

Spring seep from 
rock at 
headwater of 
river 

Misilli 0259’0.48”S 

3530’23.74”E 
 

1335 Seeping springs at 
base of slope 

Alluvial fan Water conveyed 
by pipe to village 
from upslope 
well 

Ngoile 0302’22.88”S 

3529’0.13”E 
 

1341 Seeping springs at 
base of slope 

Alluvial fan Water conveyed 
by pipe to village 
from upslope 
well  

Kisima Ngeda 0328’32.8”S 

3521’1”E 

1032 Large spring pools 
feeding expansive 
wetland system 

Alluvium; 
upslope basalt 
outcrop 

No sample taken 

Garafani 0330’8.4”S 

3523’9.1”E 
 

1090  Seepage springs 
feeding spring 
pool and large 
wetland 

Associated with 
basalt outcrop 

Spring seep from 
rock into pool 

Esere 0318’5”S 

3511’14.2”E 

1591 Artesian flow 
feeding large 
wetland  

Highly fracture 
tuff; tufa 
deposits 

Well in wetland 

Eremet 0301’35”S 

3504’29.7”E 

1594 Seepage springs 
feeding large 
wetland 

Volcaniclastic 
altered tuff; 
paleolake 
sediments 

Spring seep from 
rock  

Garusi River 
Middle  

 
Upper 

 
03°12’37.3”, 
035°12.5’57.6” 

0312’36.4”S 

3512’58.4”E 

 
1779 

 
1782 

River bed Dry channel, 
alluvial deposits  

Instrument 
secured to tree 
root on channel 
bank 

 
 
Water Chemistry Analysis 

Dr. Gail Ashley of Rutgers University and Dr. Mark Cuthbert of Cardiff University 

have collected water quality data on most of these springs for several years; however, 

only data analyses of the water samples collected in July 2018 are reported herein. 
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 Water Quality Measurements 

Results 

Water quality measurements, water temperature, pH, conductivity, and alkalinity, 

for each spring are listed in Table 5. Groundwater temperatures ranged from 19.9 to 

26.8C with the average being 23C. The spring water of Esere and Eremet were both 

>26C, Misilli and Ngoile spring waters were between 23C and 26C, and all other spring 

waters were between 19C and 23C.  The pH ranged from 7.19 to 8.62 with the average 

being 7.7. The spring water of Esere and Eremet had more alkaline readings of 8.1 and 

8.62 whereas all other springs had more neutral readings.  Conductivities ranged between 

246 µS and 464,000 µS. The highest conductivity reading (464,000 µS) was recorded at 

Eremet followed by Kisima Ngeda (1398 µS), Esere (892 µS), and Mtane (702 µS). The 

remaining spring conductivities were between ~200 µS and 400 µS.  Alkalinity readings 

ranged between 84 ppm and >500 ppm. The highest alkalinity was recorded at Eremet 

(>500 ppm), followed by Esere (346 ppm) and Mtane (316 ppm). The remaining alkalinity 

readings were between ~80 ppm and 200 ppm.  

Table 5. Water quality measurements collected for the nine springs visited.   

Spring Name pH Temperature (°C) Conductivity (µS) Alkalinity (ppm) 

Endulen 7.86 19.9 397 198 
Engina 7.26 20.7 407 207 
Mtane 7.19 22.2 702 316 
Misilli 7.64 25.4 246 112 
Ngoile 7.78 23.9 211 84 
Kisima Ngeda 7.79 20.7 1398 - 
Garafani 7.77 21.1 259 123 
Esere 8.62 29 892 346 
Eremet 8.1 26.8 464000 >500 
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Interpretation 

At Misilli and Ngoile, the spring water traveled through a pipe for ~1600 m before 

being measured, which can explain the elevated water temperatures at these two 

locations. The high spring water temperature at Esere could be explained by a deep 

groundwater flow path: it is plausible that as the groundwater traveled deep 

underground, geothermal processes raised the water temperature prior to the 

groundwater being brought to the surface via fractures under artesian pressure. 

Additionally, spring water at Eremet likely traveled in a shallow aquifer, accounting for 

the elevated temperature. 

Very high conductivity and alkalinity readings at Eremet support the idea that the 

region used to be a lake basin and that the local “bedrock” and soils are paleolake 

deposits. The lake would have likely been saline and alkaline, similar to modern Lake 

Masek and Lake Ndutu, and have existed during a former wetter period when there were 

overall higher lake levels. The paleo lake, located at a higher elevation than Lake Masek 

and Ndutu, would have likely been the first to dry up as the climate changed, yet the 

alkalinity would be preserved in the sediments. Water traveling through paleo lake 

sediment would acquire cations and anions left behind from the alkaline lake which would 

account for the high conductivity/ alkalinity values of the groundwater (Table 5).   

 The Esere spring also has high conductivity and alkalinity readings, which is posited 

to be related to the high temperature, and thus more reactive, groundwater. The two 
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parameters, temperature and alkalinity, are often positively correlated (Barron and 

Ashton, 2007). 

 Groundwater associated with the EARS has been observed to be typically alkaline 

with high pH values (Kashaigili, 2010). This is consistent particularly with Esere and Eremet 

locations.  

 
Major Cation and Anion Analysis 

Results 

 Major cations and anion results of the water samples at each spring are provided 

in Table 6. Samples were analyzed for the following cations and anions: Calcium, 

Manganese, Sodium, Magnesium, Potassium, Fluoride, Chloride, Bromide, Nitrate, and 

Sulfate. Ion concentrations of the spring waters were compared to the United States 

Environmental Protection Agency (USPEA) drinking water standards. Of the analyzed ions 

regulated by the USEPA, only Fluoride (at Esere and Eremet springs) and Nitrate (at Mtane 

spring) concentrations exceeded the USEPA Maximum Contaminant Level (MCL). 

Additionally, Fluoride (at Mtane spring, Lake Olbalbal, and the Eyasi Lodge Well) and 

Chloride (at Eremet spring) exceeded the USEPA Secondary Maximum Contaminant Level 

(SMCL). The MCL levels represent the legal threshold a contaminant is allowed in USA 

public water systems and SMCL represents non-mandatory water quality standards that 

are set in the USA for aesthetic consideration (such as taste, color, and odor) (USEPA, 

2018).  
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Table 6. Major anion and cation results compared to United States Environmental Protection Agency 
(USEPA) drinking water standards. 

Spring Name Concentration (ppm) 

 Ca+ Mn+ Na+ Mg+ K+ F- Cl- Br- NO3
- SO4

- 

Mtane Spring 80.9 0.0014 55.5 16.4 11.8 2.01 17.78 0.11 33.04 3.91 

Misilli Spring 22.5 0.0006 24.5 3.15 7.21 1.08 2.58 0.03 5.01 5.62 

Ngoile Spring 8.54 0.0089 40.9 1.19 11.4 0.97 5.86 0.04 5.23 10.04 

Endulen Spring - - - - - - 6.45 0.04 3.16 3.17 

Esere Spring 5.61 0.0025 201 4.43 17.2 4.95 68.90 0.19 1.06 17.06 

Olbalbal Lake 12.6 0.0249 149 0.49 5.48 7.91 15.88 0.12 0.09 21.39 

Engina Spring 42.7 0.0005 36.5 11.2 4.27 0.94 5.87 0.04 5.49 1.68 

Eyasi Lodge Well 25.3 0.0003 165 18.6 6.33 5.31 52.78 0.80 3.11 24.79 

Eremet Spring 7.66 0.0133 1127 3.80 39.5 38.66 482.28 4.53 7.47 232.79 

Garafani Spring 22.4 0.0007 19.1 9.79 1.83 - - - - - 

USEPA MCL None None None None None 4 None None 10 None 

USEPA SMCL None 0.05 None None None 2 250 None None 250 

Notes: 
ppm = parts per million 
Red = concentration exceeds USEPA 2018 MCL standards for drinking water 
Purple = concentration exceeds USEPA 2018 SMCL standards for drinking water 
USPEA = United States Environmental Protection Agency 
MCL = Maximum Contaminant Level; legal threshold that is allowed in US public water systems 
SMCL = Secondary Maximum Contaminated Level; non-mandatory water quality standards set for aesthetic  
considerations in US 

 
Interpretation 

 In general, the water quality at these sites is acceptable for drinking (according to 

USEPA drinking standards), with the exception of the high Fluoride concentrations at a 

few of the locations and high Nitrate at one of the locations. These results align with other 

groundwater quality reports for Tanzania (Kashaigili, 2010). 

Groundwater from the volcanic terrains of Tanzania have been reported to have 

high Fluoride concentrations. This is attributed to lavas, intrusions, and ashes associated 

with the EARS which contain abundant fluorine-rich minerals (Kashaigili, 2010). 

Additionally, Fluoride concentrations in major depressions occurs through extreme 

evaporation of lake water and thus infiltration into shallow aquifers (Kashaigili, 2010). The 
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high Fluoride concentrations at Esere and Eremet can support the notion that 

groundwater at these localities has traveled through rock longer (increasing water-rock 

interaction). Nitrate concentrations have been reported to impact groundwater quality in 

some parts of Tanzania and is attributed to pollution from sewage effluents (Kashaigili, 

2010). Relatively high Sodium concentrations have also been reported in the groundwater 

of the EARS (Kashaigili, 2010). High Chloride (salinity) concentrations are considered a 

problem in central Tanzania where there is high evaporation and poor drainage 

(Kashaigili, 2010). This may be the case for Esere and Eremet which both have higher 

Chloride concentrations compared to the other locations. Also, the water temperatures 

at Esere and Eremet are higher than the other springs which makes the water more 

reactive and provides an explanation for the for the high ion concentrations at these 

springs.  

Stable Isotope Analysis  

Results 

 Stable isotope results of the water samples at each spring are provided in 

Appendix III. The results are summarized as Figure 11 below. Based on these data, the 

Local Meteoric Water Line (LMWL) has the equation y = 8x + 18 and is positioned above 

the Global Meteoric Water Line (GMWL), which has the equation y = 8x + 10. The best fit 

line for all of the samples, except for Esere, Eremet, and Lake Olbalbal, has the equation 

y = 3.3x – 4.5.  
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Figure 11. Stable isotope plot for water samples. Water samples collected from wells, representing 
conditions less likely to be subjected to evaporation, are indicated by open circles. Water samples collected 
on the surface, representing conditions more likely to be subjected to evaporation, are indicated by closed 
circles. The Global Meteoric Water Line (GMWL) is depicted in gray. The Local Meteoric Water Line (LMWL) 
is depicted in blue. The best fit line for the data samples (excluding Esere, Eremet, and Lake Olbalbal) is 
dashed in blue.  

Lake 
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Interpretations 
 

The positioning of the LMWL above the GMWL (Figure 11) indicates that the local 

atmosphere is more arid compared to the global atmosphere. It can be presumed that as 

water in the atmosphere travels from the Indian Ocean, the δ18O and δD of the 

precipitation decreases. In addition, the rift lakes surrounding the NVH (e.g. Lake Manyara 

and Lake Eyasi) can be presumed to further contribute to the local atmosphere having 

more negative compositions than the global average. This process is illustrated as Figure 

12 below.  

 Spring samples that fall below the LMWL (such as Engina, Endulen, Namiri, Klein, 

and Mtane) are represented by the dashed line in Figure 11. This deviation from the 

LMWL is presumed to be caused by evaporative loss associated with the sampling 

procedure. Springs sampled directly from the ground (i.e., from wells), represented by 

open circles in Figure 11, were less likely to be subjected to evaporation and have isotopic 

concentrations closest to the local meteoric compositions. However, springs sampled 

from the surface (i.e., subaerial), represented by closed circles in Figure 11, were more 

likely to have be subjected to some evaporation, altering the isotopic compositions of 

those samples to deviate from the LMWL. Additionally, the isotopic compositions of water 

from the Esere spring, Eremet spring, and Lake Olbalbal deviated from the LMWL. Lake 

Olbalbal is spring-fed from Olmoti, but receives river water from the Olduvai River which 

could account for the deviation in isotopic concentrations from the others. As for Esere 

and Eremet, while it is uncertain as to why they do not fall on the LMWL, it does suggest 
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there is something about these springs that is inherently different (in terms of geologic 

setting and/or hydrologic history) from the others.  

 The local hydrology of the region (i.e., evaporation from surrounding rift lakes) 

plays an important role in explaining differences between the isotopic composition of the 

local meteoric water and the global. Rietti-Shati et al. (2000) come to a similar conclusion 

in that the isotopic composition of high-altitude fresh-waters on Mt. Kenya in equatorial 

East Africa is influenced by local hydrological factors resulting also in more negative 

compositions of local meteoric water compared to global. 

 
Figure 12. Conceptual diagram of the isotopic fractionation occurring at the study site. As water in the 
atmosphere travels from the Indian Ocean toward the NVH, δ18O decreases. Water evaporated from rift 
lakes (i.e., Lake Eyasi and Lake Manyara) surrounding the NVH enriches the local atmosphere in 16O. Both 
processes result in a lower isotopic composition of spring water at the study site than the global average.  

 
Precipitation Analysis 

The NCAA records monthly rainfall data at 23 sites within the NCA (Figure 13). 

Available rainfall records at each location were provided by the NCAA and are included in 

Appendix IV. Additionally, rainfall data at Kisima Ngeda (Figure 13) were collected by 

Chris Schmeling from 1995 to 2015 and are also provided in Appendix IV.  
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Figure 13. NCA rainfall gauge locations maintained by the NCAA (indicated by red diamonds); Kisima Ngeda 
rainfall gauge maintained by Chris Schmeling (indicated by blue star). Base map from Ryan et al. (2009; 
http://www.geomapapp.org).  
 

Temporal Analysis  

Results 

Rainfall data from the NCA HQ gauge and the Kisima Ngeda gauge (Figure 13) were 

analyzed for temporal patterns. Yearly rainfall data at NCA HQ and Kisima Ngeda locations 

over the 19-year time period between 1995 and 2014 are depicted in Figure 14A. Monthly 

and mean annual rainfall at both locations varied greatly during this time period. NCA HQ 

received on average 912 mm of rain a year, with the highest recorded yearly rainfall 

measured at 1705 mm in 1997 and lowest yearly rainfall measured at 296 mm in 1995. 

Kisima Ngeda received on average 459 mm of rain a year, with the highest recorded yearly 

rainfall measured at 780 mm in 2006 and lowest yearly rainfall measured at 198 mm in 

2003.  

Kisima Ngeda 

http://www.geomapapp.org/
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Additionally, 3-4 peaks in rainfall can be identified during the 19-year period 

occurring circa 1997, 2002, 2006-07, and 2011-13(?) at NCA HQ and Kisima Ngeda (Figure 

14). When compared to El Niño years (Jan Null, 2019), which are known to bring wet 

conditions to East Africa (Kijazi and Reason, 2009; Tierney et al., 2013), the 1997 and 2002 

peak rainfall years match up with El Niño years; however, the remaining peak rainfall 

years do not follow suit (Figure 14). In fact, the peak rainfall year occurring circa 2006-07 

actually occurs counter-intuitively during a La Niña year. When compared to positive IOD 

years (Australian Government Bureau of Meteorology, 2019), which are also known to 

bring wet conditions to East Africa (Owor et al., 2009; Taylor et al., 2012; Taylor and 

Jasechko, 2015), the 1997 peak matches up with a positive IOD year as does the 2007 

peak (Figure 14). The positive IOD year in 2007 can help to explain why the study region 

received more rain that year despite it being a La Niña year.  

 
Figure 14. Annual Rainfall at the NCA HQ and Kisima Ngeda from 1995 to 2014 (Appendix IV). Kisima Ngeda 
received ~half the amount of rain that NCA HQ received during this time frame. El Niño years are highlighted 
in blue and positive Indian Ocean Dipole (IOD) years are highlighted in green.  
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Monthly rainfall data from rain gauges located at NCA HQ and Kisima Ngeda over 

the 4-year period between 2010 and 2014 are depicted as Figure 15. At both locations, 

monthly rainfall varies semi-annually in that two wet seasons occur every year: the 

March-May (MAM) “long rains” and the October-November (ON) “short rains”. Between 

the 2010 and 2014, NCA HQ received an average 456 mm of rain over the long rain season 

(March-May) and 52 mm of rain over the short rain season (October-November). 

 
Figure 15. Monthly Rainfall Analysis. Monthly rainfall at NCA HQ and Kisima Ngeda from 2010-2014 
(Appendix IV). Bimodal annual rainfall cycles exist at both locations: a long wet season from March to May 
(MAM) and a short wet season from October to November (ON). 
 

Interpretations 

 Based on these data, there are two temporal patterns. The first temporal pattern 

occurs on an interannual basis in which peak rainfall years occur nearly every 5 years 

(Figure 14). The cyclicity in rainfall can be partially explained by ENSO and IOD; however, 

other oceanographic factors yet to be determined may also play a role in the interannual 

variability in rainfall at the study region. The second temporal pattern occurs on a yearly 
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basis in which two peaks in rainfall occur each year at the study region: one from March 

to May (MAM) and one from October to November (ON). Although the amount and 

duration of rainfall observed at the study region vary each year, the pattern of two wet 

seasons occurring roughly during these time frames appears to be predictable. These two 

wet seasons can be attributed to the seasonal migration of the ITCZ which drives the 

twice-a-year East African Monsoon to deliver rainfall to the study region (Nicholson, 

2017). Extreme, episodic rainfall events, such as the biannual monsoons and interannual 

peak rainfall years seen at the study region, are known to be important for recharging 

aquifers in East Africa and the same can be assumed for the study region (Owor et al., 

2009; Taylor et al., 2012; Taylor and Jasechko, 2015). 

 Spatial Analysis 

Results 

 A distinct difference in amount of rainfall between the two rain stations occurs 

during the 19-year time frame (Figure 14) as well as over the 4-year time frame (Figure 

15). On average, NCA HQ (located at ~2380 m) received ~50% more rain than Kisima 

Ngeda (located at ~1032 m). Between 1995 and 2014, the NCA headquarters received an 

average of 936 mm of rainfall a year while Kisima Ngeda received an average of only 469 

mm of rainfall a year. 

The same precipitation data from the NCAA were used to come to a similar 

conclusion (Macha, 2019). By averaging the precipitation data from the 23 rain gauges at 

the NCA over ~two decades, a clear spatial pattern is observed across the study region: 

the highlands receive more rain than the lowlands (Figure 16). Based on these results, 
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Macha (2019) suggests that the local orography appears to drive rainfall distribution 

across the NCA (Figure 16).  

 
Figure 16. Spatial distribution of average annual rainfall (mm) across the study region (left) compared 
to regional topography (right). Rain gauge locations are indicated (Macha, 2019). 

 
Interpretation 

Based on these rainfall analyses, it is concluded that orography highly impacts the 

rainfall distribution across the study region. Localities at higher elevations (i.e., NVH) 

typically receive more rainfall than lowlands localities. These data can provide the basis 

for better understanding where groundwater recharge likely occurs for future 

groundwater modeling.  

Flow Rate Analysis 

 DIVER Analysis  

Pressure data extracted from the Endulen Hospital DIVER (F0346), Upper Garusi 

River DIVER (F0790), and the Middle Garusi River DIVER (F1228) (Figure 9) were analyzed. 

Relative stream stage was calculated for the Upper and Middle Garusi River locations 

(Figure 17) by subtracting the barometric pressure recorded at the Endulen Hospital 

location from the total pressure for each Garusi River DIVER. The barometric 
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measurements were taken at a different location than the stream bed loggers which adds 

some complications in interpreting these data, however large flow events appear to have 

been recorded. There is a baseline stage value at around 50 cm for the Upper Garusi River 

(Figure 17A) and at around 60 cm for the Middle Garusi River (Figure 17B) that represents 

dry conditions at the river. Big peaks above the baseline are interpreted to as flow events. 

Values below the baseline are interpreted to be artefacts of very dry or hot ambient 

conditions. 

 Comparing relative stream stage to local rainfall was not possible at this point due 

to the unavailability of Endulen rainfall data during the time frame of the stage 

measurements (2015-2018). However, doing such analyses in the future could aid in 

understanding the relationship between rainfall events and river flow events and could 

lead to better groundwater recharge estimates. Recharge for the region is not known, yet 

it is an essential variable to consider in making groundwater models. However, this 

method proves to be a relatively cheap and easy way to obtain river stage data when such 

data is incredibly sparse or nonexistent for the region.   
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Figure 17. DIVER data used to calculate hourly relative stream stage at two locations along the Garusi River.  
Relative stream stage was calculated by subtracting the atmospheric pressure recorded at the Endulen 
Hospital (F0346) DIVER from the total pressure at each Garusi River DIVER. The two yearly wet seasons, ON 
and MAM, are depicted in red. (A) Upper Garusi River (F0790) hourly relative stream stage measurements 
from August 2015 to July 2016. (B) Middle Garusi River (F1228) hourly relative stream stage measurements 
from July 2016 to July 2018.  

  

A 

B 
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 Groundwater Modeling in the Lake Eyasi Basin, Tanzania, Africa by Elizabeth Miller 

 In 2012, Elizabeth Miller generated a groundwater model to estimate the rate of 

groundwater flow into the wetlands surrounding Lake Eyasi using the MODFLOW 

program produced by the USGS (a modular finite-difference flow model that solves the 

groundwater flow equation). Groundwater flow from Mt. Oldeani (~3000 m) to the Kisima 

Ngeda wetlands (~1000 m), over a 25 km distance, was estimated to take between 1100 

to 700 years on average, with differing water table recharge values (Figure 6). However, 

there were several limitations to this model, including a very coarse grid, limited data to 

calibrate to model (i.e., wells and cores), and an uncertain recharge value. Additionally, 

there are no precipitation data for Mt. Oldeani; the closest rain gauge is at the NCA park 

headquarters (Figure 13). The report is provided in Appendix V.  

 

Longitudinal Profiles 

Nine longitudinal profiles (one per spring) were generated using Google Earth Pro 

(Appendix VI). Each longitudinal profile was constructed with assumed recharge at the 

higher elevation and the spring location at the lower elevation. A summary of the 

longitudinal profile characteristics is provided in Table 7. Endulen, Engina, Mtane, Misilli, 

and Ngoile are located closest to their respective assumed recharge areas (between 12.4-

18.8 km away) and have the highest average slopes (between 8.56-10.38%). Eremet is the 

farthest from its assumed recharge area (36.3 km) and has the lowest average slope 

(4.13%). Kisima Ngeda, Garafani, and Esere are located around 25 km from their 

respective assumed recharge areas and have average slopes between ~6-8%. Endulen, 

Engina, and Mtane have the smallest hydraulic heads (between 1287-1304 m) and Kisima 
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Ngeda and Garafani have the largest hydraulic heads (1973 m and 1922 m, respectively). 

Misilli, Ngoile, Esere, and Eremet have more moderate hydraulic heads (between 1499-

1610 m).  

Table 7. Longitudinal profile characteristics for the nine springs visited. 

Spring Name 
Assumed 
Recharge 

Area 

Recharge 
Elevation 

(m) 

Spring 
Elevation 

(m) 

Recharge 
minus 

discharge 
(head, m) 

Distance 
from 

Recharge to 
Spring (km) 

Average 
Slope 

Endulen Lemagurut 3102 1815 1287 12.4 10.38% 
Engina Lemagurut 3110 1783 1327 13.4 9.90% 
Mtane Lemagurut 3100 1796 1304 12.4 10.52% 
Misilli Olmoti 2913 1335 1578 16.5 9.56% 
Ngoile Olmoti 2955 1345 1610 18.8 8.56% 
Kisima Ngeda Oldeani 3010 1037 1973 24.9 7.92% 
Garafani Oldeani 3013 1091 1922 25.8 7.45% 
Esere Lemagurut 3101 1592 1509 25.3 5.96% 

Eremet Lemagurut 3096 1597 1499 36.3 4.13% 

 
Geologic Cross-Sections 

Geologic cross-sections for most springs were generated based on geologic and 

topographic data and are provided in Appendix VII. Only surficial geology depicted in the 

cross-sections is known with confidence; assumptions made for unit thicknesses and dips 

are indicated by dashed lines. Dips of geological units were approximated based on few 

identified dip measurements provided by the geologic maps (Appendix I). Additionally, 

posited groundwater flow paths are indicated by a blue arrow for each cross-section.  

Endulen 

 The Endulen cross-section stretches ~15 km from Mt. Lemagurut’s summit in the 

northeast, through the town of Endulen (near the Endulen, Engina, and Mtane springs), 

to ~1 km southwest of Endulen (Appendix VII). Rainfall is assumed to primarily infiltrate 

the surface via the N-S normal fault that cuts through Lemagurut to the west of its summit 
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(Figures 2 and 7). The geologic map indicates the fault is in basalt. It is presumed that 

groundwater would preferentially flow downslope through the older tuff layer located 

beneath the younger basalt layer. Based on field properties of the volcanic materials, the 

tuff is assumed to be more permeable than the basalt. Tuffs in the field were poorly 

welded together and basalts were solid and massive and, although layered, did not 

contain extensive jointing. As the literature suggests, poorly welded tuffs can have very 

high permeabilities, rivaling even fractured basalts (Freeze and Cherry, 1979; Geldon, 

2004; Smyth and Sharp, 2006). Upon reaching Endulen, a change in surficial geology from 

basalt to tuff is presumed to be the factor driving spring formation in the Endulen region. 

At the Endulen and Mtane springs, groundwater exits into the headwaters of a river 

channel which has previously been carved out by ephemeral surface waters (Figure 18). 

At the Engina spring, water emanates at a low point in the local topography forming a 

small spring pool and wetland (Figure 18).  
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Figure 18. Presumed surface drainage pattern (dark blue tracings) around Endulen, Mtane, and Engina 
springs inferred from image. Endulen and Mtane springs appear to emanate along first-order ephemeral 
streams which coalesce into one stream further down slope. Engina emanates in a vegetated area, adjacent 
to a first-order stream (GoogleEarth Image©2019 CNES / Airbus).  
 

 Misilli 

The Misilli cross-section extends ~16 km from Mt. Olmoti’s crater to the Misilli 

spring located to the northwest (Appendix VII). Rainfall at the summit of Olmoti is 

assumed to infiltrate the basalt unit at the crater summit and slowly move downslope 

through this unit. Groundwater is likely to continue to flow through this layer until the 

topography levels out and the water table intersects the more permeable alluvium.  The 

Ngoile spring is located ~6.5 km to the south of Misilli and based on the similarity in 

surficial geology and topography, water feeding this spring is assumed to follow a similar 

path. 
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Kisima Ngeda  

The Kisima Ngeda cross-section extends ~25 km from Mt. Oldeani’s summit to the 

Kisima Ngeda springs located to the southwest (Appendix VII). Rainfall sourcing the 

Kisima Ngeda spring occurs on the 3000 m high Oldeani summit. A portion infiltrates the 

alluvial fan deposits upslope of Kisima Ngeda springs and wetland complex. Once reaching 

these more permeable sediments, water is assumed to enter the groundwater system 

and discharge at local base level along the fringes of Lake Eyasi where it feeds expansive 

wetlands. At Kisima Ngeda, there is a large (~50 m) basaltic outcrop (plug) directly upslope 

from the springs which appears to be a key factor controlling groundwater discharge at 

the Kisima Ngeda location. The basaltic outcrop may affect groundwater flow very locally, 

impeding flow and creating somewhat of a bottleneck; groundwater quickly flows to the 

surface around and directly downslope of the basalt. A similar groundwater flow path is 

presumed to explain the Garafani spring system, located ~5 km southeast of Kisima Ngeda 

as similar surficial geology and topography exits at the Garafani location.  

Esere 

 The Esere cross-section extends ~29 km from Mt. Lemagurut’s summit to the 

Esere springs located to the southwest (Appendix VII). Similarly to the Endulen cross-

section, rainfall feeding the Esere springs is assumed to infiltrate the surface via the N-S 

normal fault that cuts through Lemagurut to the west of its summit. Once again, it is 

presumed that groundwater reaching the sub-surface would preferentially flow 

downslope through the older tuff layer located beneath the younger basalt layer because 

the tuff is assumed to be more permeable than the basalt. However, water feeding the 
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Esere springs probably flows deeper than water feeding the Endulen springs.  Based on 

the field observations including tufa deposits and highly fractured tuffs at Esere as well as 

the high temperature, alkalinity, and ion concentrations of the Esere groundwater, 

springs here are interpreted to be artesian and flow through fractures in the tuff and likely 

Precambrian basement rock beneath (the tuffs appear to be windblown pyroclastic silts 

cemented with carbonate that likely form a thin layer above Precambrian basement rock). 

It is posited that groundwater flows deeply underground until it reaches subsurface 

fractures which act as conduits to the surface. 

Eremet 

 The Eremet cross-section extends ~40.5 km from Mt. Lemagurut’s summit to the 

Eremet springs located to the southwest (Appendix VII). Unlike Endulen or Esere, the 

older tuff unit is not present at the surface. It is posited that rainfall at the Mt. Lemagurut 

summit flows over the less permeable basalt layer until it reaches the younger brown and 

calcareous tuff layer which is presumed to be more permeable allowing the surface water 

to infiltrate. Groundwater most likely flows close to the surface through the tuff unit until 

it reaches the Eremet springs region. The relatively warm groundwater temperature 

(26.8C) supports this. Based on field observations as well as water conductivity values at 

Eremet, it appears that an alkaline lake occupied a wide shallow basin where the modern 

spring-fed wetland is now located (Figure 19). Given this information, it is assumed that 

this area used to be and most likely still acts as a local base level where surface and 

groundwater have preferential paths to flow toward. Springs emanate from the walls of 

the presumed pale lake basin and feed an extensive wetland system.  
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Figure 19. Aerial image of neighboring alkaline lakes (Ndutu and Masek) and the presumed (ephemeral) 
surface drainage pattern (blue tracings) surrounding the Eremet spring. Eremet Springs discharges along 
the margin of what is interpreted to be a paleolake basin. The paleolake is presumed to be associated with 
the other two lakes; the elevation of the paleolake is higher than the elevation at both Lake Masek and Lake 
Ndutu. Groundwater is presumed to travel to Eremet spring from the southeast (recharged at Mt. 
Lemagurut) (GoogleEarth Image©2019 CNES / Airbus). 
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Schematic Conceptual Models of Springs 

 Based on the integration of the geological, geomorphological, hydrological, and 

geochemical data collected, three schematic conceptual models (Figure 20A-C) were 

developed to determine modes of spring formation for the nine spring examined in the 

study region.  

(A) Groundwater intersects the surface at local base level  

In this scenario, groundwater travels downslope until the topography shallows 

and the water table intersects the surface and springs form (Figure 20A). This typically 

occurs where the topography shallows out (slope gradient decreases). Alluvium is usually 

present providing a more permeable layer for groundwater intersecting the surface to 

discharge from. The springs located along the eastern fringes of Lake Eyasi, including 

Kisima Ngeda and Garafani, are in this category. Some artesian springs in the vicinity of 

Kisima Ngeda (Shilling, 2013) would likely fall within this category too. The Misilli and 

Ngoile springs also are likely to form under similar mechanisms. Even though Misilli and 

Ngoile are located much closer to their assumed recharge area, the way in which the slope 

shallows out forming a local base level is considered to be a large driving factor in causing 

springs to form there. Additionally, the Eremet springs fall under this category. Even 

though the Eremet springs are nearly double the distance away from their posited 

recharge source than the other springs in this group, the main driving force here is base 

level. Eremet is interpreted to be a paleo lake basin, making the area a local base level 

the main control on discharge (Figure 19).  
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Figure 20A. Spring Schematic Conceptual Model A: Groundwater intersects the surface at local base level. 
Groundwater recharge, indicated by black arrows, occurs either at the NVH summit or farther downslope 
where surface water loses to unconsolidated sediments. Groundwater discharges as springs where the 
slope shallows at the local base level, indicated by red stars.  
 

(B) Permeable rock (aquifer) intersects surface along slope 

In some cases, springs discharge along the slope of the volcanoes (Figure 20B). 

Rather than local base level controlling spring formation as in scenario A, here the local 

geology is presumed to be the key factor in spring formation. As more permeable rock 

(tuff) serving as the local aquifer intersects the surface, groundwater flowing through this 

unit can discharge to the surface. This is the case for the Endulen springs including 

Endulen, Mtane, and Engina. 

In this region, a basalt unit outcrops upslope. A tuff unit which underlies the basalt 

unit is assumed to be more permeable and acts as the local aquifer. Further down slope, 

the tuff is exposed at the surface allowing for groundwater to discharge onto the surface. 
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Additionally, local factors, such as previously carved out river bed channels by ephemeral 

surface waters as well as microtopography also plays an important part in spring 

formation here (Figure 18) (Cuthbert et al., 2016).  

 
Figure 20B. Spring Schematic Conceptual Model B: Permeable rock (aquifer) intersects surface along slope. 
Groundwater recharge, indicated by black arrows, occurs either at the NVH summit or where permeable 
rock (indicated by brown layer) is no longer exposed at the surface. Groundwater discharges as springs 
along the slope as a seepline where the permeable unit (acting as the local aquifer) intersects the surface, 
indicated by red stars. 

 
(C) Artesian flow up fractures under hydraulic head 

The final scenario in which springs form in this region is groundwater discharge 

associated with fractured bedrock resulting in artesian flow (Figure 20C). In this scenario, 

where water is under hydraulic head, fractures in rock play an important role in spring 

formation. This mechanism appears to occur at the Esere spring site. Highly fractured 

tuffs, paleo tufa mound deposits, unusually warm water temperatures, and high water 
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conductivity/ alkalinity all support the interpretation of geochemically active 

groundwater and local rock system.   

 
Figure 20C. Spring Schematic Conceptual Model C: Artesian flow up fractures under hydraulic head. 
Groundwater recharge, indicated by black arrows, occurs at the NVH summit. Groundwater travels deeply 
until it reaches fractured rock where it flows to the surface under hydraulic pressure and discharges as 
springs, indicated by the red stars.  
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DISCUSSION 

Very few studies have examined the hydrogeology of Tanzania, let alone of the 

NVH study area. Studies that are done by consultants or local communities are not 

available to the public. The lack of geologic (structural and stratigraphic) and hydrologic 

(recharge or discharge data) for Tanzania in general makes understanding groundwater 

systems a great challenge. Nevertheless, these systems are heavily relied on for fresh, 

potable drinking water by thousands of people and millions of animals with little idea as 

to how long the resources will persist. Even more challenging is the uncertainty that will 

arise as the global climate changes and impacts these systems (Cuthbert et al., 2017).  

The objectives of this study were to present a reconnaissance-level, qualitative 

description of the physical framework and hydrological inputs of the study region’s 

groundwater system in order to lay the groundwork for future quantitative 

hydrogeological studies and groundwater modelling. The main goals were to: (1) 

contribute to understanding the physical framework of the groundwater basin by 

generating schematic conceptual models of spring formation for nine springs visited; and 

(2) contribute to understanding the hydrological inputs of the system by examining spatial 

and temporal rainfall patterns across the study region. 

Rainfall Analysis  

 Rainfall data were analyzed and it was concluded that rain in the study region has 

distinct temporal and spatial patterns. Two wet seasons, caused by the seasonal 

migration of the ITCZ driving East African Monsoons, occur in the study region on a yearly 

basis (ON and MAM), much like most of the East African region (Nicholson, 2017) (Figure 
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15). The MAM wet season was almost always longer and more intense than the ON wet 

season during any given year and the amount of rainfall produced each year varied 

significantly. In addition to the seasonal rainfall pattern, an interannual rainfall pattern 

was observed at the study region in which peak rainfall years occurred nearly every 5 

years (Figure 14). Based on this analysis, ENSO and IOD can partially explain the 

interannual variability in rainfall; however, other oceanographic factors not yet 

determined may also play a role. ENSO and IOD are two climate processes have been 

credited with maintaining water security of groundwater-dependent communities in 

Tanzania by recharging the aquifer during multiannual recessions in groundwater levels 

(Taylor et al., 2012). However, extreme, episodic rainfall events, such as the biannual 

monsoons and interannual peak rainfall years seen at the study region, are known to be 

important for recharging aquifers in East Africa and the same can be assumed for the 

study region (Owor et al., 2009; Taylor et al., 2012; Taylor and Jasechko, 2015). 

The orography of the study region was also shown to highly impact the spatial 

distribution of rainfall in that higher elevations of the NVH received more yearly rainfall 

on average compared to lower elevations located in the rain shadow of the NVH. Using 

the same precipitation data, Macha (2019) reported a similar conclusion that local 

orography appears to drive rainfall distribution across the NCA. Nicholson (2017) has 

noted topography to be a factor influencing the general precipitation of East African 

climatology as well. Recharge for the study region likely occurs at topographic highs such 

as the NVH region.  
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Surface water and groundwater are both integral parts of the hydrologic cycle. As 

part of a reconnaissance study of ephemeral streams in the NVH, a novel method was 

introduced for measuring relative stream stage that can be continued in the future to aid 

in constraining recharge values. The DIVER program was of limited success but yield some 

records of discharge in the Garusi River.  

The rainfall analysis provided a better understanding of the hydrological inputs of 

the study region by using novel rainfall data and technologies. Other than the study 

conducted by Macha (2019), regional rainfall data have not been analyzed or made 

accessible to the public. Without such data, groundwater recharge, a highly important 

parameter used in groundwater modeling, is impossible to accurately estimate. 

 

Spring Schematic Conceptual Models  

 Based on the geological, geomorphological, hydrological, and geochemical data 

collected, three schematic conceptual models were developed to depict modes of spring 

formation for the nine springs. The irregular topography of the mountains massif of the 

NVH, as well as the stratified volcanos results in a variety of modes of spring formation. A 

commonality that existed was that the source of water for the springs was presumed to 

be the intercepted moisture transported by east trade winds from the Indian Ocean as 

well as from evaporation of nearby rift lakes. The major bounding (normal) fault on the 

west side of Lake Eyasi that cuts through Mt. Lemagurut provides a direct path for 

precipitation to infiltrate into the subsurface (Figures 2 and 7A). Of the volcanic units 

which comprise the study region, the basalt flows are presumed to have lower 
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permeabilities than tuff units, which led to the interpretation of tuff layers acting as 

aquifers. This interpretation was based on field observations of the tuffs and basalts in 

which tuffs appeared to weakly welded and basalts appeared to be solid and massive. 

Although basalts are layered, they are not extensively fractured. As the literature 

suggests, poorly welded tuffs can have very high permeabilities, rivaling even fractured 

basalts (Freeze and Cherry, 1979; Geldon, 2004; Smyth and Sharp, 2006). Groundwater in 

this region discharged as springs via a few different mechanisms: (A) where the water 

table intersects the surface at local base level; (B) where an aquifer is exposed at the 

surface; and (C) where groundwater moves to the surface under hydraulic head through 

(locally) fractured rock.   

These conceptual models represent a few mechanisms in which groundwater 

discharges onto the surface as seeps, groundwater-fed rivers, and artesian springs. They 

can provide a baseline to compare to similar regions around the world. As Burg et al. 

(2016) point out, parallels in spring formation can be drawn for hydrogeological systems 

associated with other saline lakes such as the Dead Sea in Israel, the Great Salt Lake in the 

United States, Lake Asal in Djibuti, Africa, Lake Frome in Australia, and Lake Magadi in 

Kenya, Africa. The spring complex located along the shore of the Dead Sea is similar to 

Kisima Ngeda, Garafani, and Eremet in that their formation is primarily controlled by the 

local base level which contains a saline lake (Burg et al., 2016). Changes in local base level, 

therefore, will greatly impact these groundwater resources as is being seen with the Dead 

Sea spring complex (Burg et al., 2016). Developing schematic conceptual models for the 

study region springs can allow for such parallels to be made and insights to be drawn.  
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Spring conceptual models developed for the study region are also not unique from 

previously classified spring conceptual models. Springer and Stevens (2009) developed 12 

“Spheres of Discharge” to capture the varying types of springs. Schematic conceptual 

model A (water table intersects the surface at local base level) would most likely be 

considered a “Helocrene” spring as this type of spring emerges low gradient wetlands 

where indistinct or multiple sources of seeping come from shallow, unconfined aquifers. 

Schematic conceptual model B (aquifer is exposed at the surface) would likely be 

considered a “Limnocrene” spring as this type of spring emergences from a confined or 

unconfined aquifer in pool(s).  Schematic conceptual model C (fractured material moved 

groundwater to the surface) would likely be considered a “Mound form” spring as this 

spring type forms from a mineralized (usually carbonate) mound and is frequently found 

at magmatic or fault systems (Springer and Stevens, 2009). 

Assuming that subsurface geology is similar among volcanoes, it is reasonable to 

assume that groundwater discharging at the middle of a slope has the shortest residence 

times whereas groundwater discharging tens of kilometers away at the base of the slope 

or via fractures have longer residence times. Elizabeth Miller estimated residence times 

of groundwater flow from Mt. Oldeani to the wetlands along the fringe of Lake Eyasi to 

take between ~700-1100 (Appendix V and Figure 6). Preliminary groundwater modeling 

by Cuthbert and Ashley (2014) suggest spring flows can persist 100s to 1000s of years 

after groundwater recharge.  

Spring settings provide the physical framework for understanding the mechanisms 

of groundwater supply in the region and mountainous terrains elsewhere. The first 
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necessary step of any groundwater model requires conceptual qualitative thinking which, 

for the study region, has not been done before this study. These spring settings lay the 

groundwork for a more quantitative understanding of the hydrogeology of this region in 

the future.  
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CONCLUSIONS  

 Insufficient data of the groundwater system of the Ngorongoro Volcanic Highland 

(NVH) region in northern Tanzania makes quantitative groundwater modeling for the 

region a challenge. Therefore, a reconnaissance-level, qualitative study was undertaken 

as a primary step in which the physical framework and hydrological inputs of the NVH 

groundwater system (two categories of data that are essential in making meaningful 

groundwater models) were described (Kumar, 2015). The contributions to these two 

categories of data include the following: 

1. Analyses of precipitation data indicated that both temporal and spatial rainfall 

patterns exist for the study region. Other than the study conducted by Macha (2019), 

regional rainfall data have not been analyzed or made accessible to the public. 

Without such data, groundwater recharge, a highly important parameter used in 

groundwater modeling, is impossible to accurately estimate. Conclusions from this 

analysis include the following:  

a. On an interannual basis, peak rainfall years occur nearly every 5 years. 

Between 1995 and 2014, there were ~4 years in which the annual rainfall 

at NCA HQ peaked above the average annual rainfall amount of 912 mm. 

ENSO and the IOD can partially explain the interannual variability in 

rainfall at the study region; however other oceanographic features not yet 

determined may also play a role; 

b. On a yearly basis, the  migration of the ITCZ driving East African Monsoons 

results in two wet seasons to occur: long rains (spring) and short rains 
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(fall). Between the 2010 and 2014, the NCA headquarters received an 

average 456 mm of rain over the long rain season (March-May) and 52 

mm of rain over the short rain season (October-November).  

 Extreme, episodic rainfall events, such as the biannual monsoons 

and interannual peak rainfall years seen at the study region, are 

known to be important for recharging aquifers in East Africa and 

the same can be assumed for the study region (Owor et al., 2009; 

Taylor et al., 2012; Taylor and Jasechko, 2015).; 

c. The variation in the amount of rainfall received across the study region is 

attributed to its orography: higher elevations such as the NVH receive 

more rainfall than lower elevations which are located in the rain shadow 

of the NVH. Between 1995 and 2014, the NCA headquarters received an 

average of 936 mm of rainfall a year while Kisima Ngeda, situated within 

the rain shadow of the NVH, received an average of only 469 mm of 

rainfall a year. Additionally, using rainfall data from 23 rain gauges 

scattered across the NCA, Macha (2019) determined that local orography 

appears to drive rainfall distribution across the NCA; 

 These spatial and temporal rainfall patterns provide the basis for 

better understanding where groundwater recharge likely occurs 

for future groundwater modeling. 

2. Water quality of the springs visited were acceptable for drinking based on USEPA 

drinking standards, with the exception of fluoride concentrations. Esere and Eremet 
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tended to have higher ion concentrations, temperatures, alkalinities, conductivities, 

and pH than the other springs. 

3. Stable isotope analyses of the groundwater support the idea that springs are sourced 

by atmospheric moisture coming from the Indian Ocean, but also some recycling from 

the adjacent rift lakes. Most of the spring water samples fall on the same LMWL, with 

the exception of Esere and Eremet which are affected by the local geological setting. 

The LMWL is positioned above the GMWL indicating that the local atmosphere is more 

arid compared to the global atmosphere, which was found to be common in other 

regions of East Africa.  

4. A novel approach of measuring river stage was used at the Garusi River using DIVERS. 

Pressure data collected from the Garusi River and local atmosphere were used to 

determine relative stream stage of the river in which large flow events could be 

identified. These river stage measurements could not be compared to local rainfall 

data due to inaccessibility to local rainfall data for relevant years (2015-2018); 

however, this methodology provides a novel way to make such analyses in the future. 

5. Geologic cross-sections indicating surficial geology between several springs (points of 

discharge) and their assumed recharge areas on topographic high points depict the 

likely groundwater flow paths for each individual spring. The cross-sections provide 

the basis for the construction of the spring conceptual models. A commonality that 

existed was that the source of water for the springs was presumed to be the 

intercepted moisture transported by east trade winds from both the Indian Ocean as 

well as from evaporation of nearby rift lakes. The major bounding (normal) fault on 



82 

 

 

the west side of Lake Eyasi that cuts through Lemagurut provides a direct path for 

precipitation to infiltrate into the subsurface. Of the volcanic units which comprise 

the study region, unfractured basalt units appear to have lower permeabilities than 

tuff units based on the field-based observation of the regular occurrence of 

groundwater seeps and springs in associated tuffs. The tuff layers are interpreted to 

be the primary local aquifers. 

6. Based on the integration of the geological, geomorphological, hydrological, and 

geochemical data presented above, three schematic conceptual models of spring 

formation for the nine springs: 

a. Groundwater intersects the surface at local base level; 

b. Permeable rock (aquifer) intersects surface along slope; and 

c. Artesian flow up fractures under hydraulic head. 

7. These spring settings provide the framework for understanding the mechanisms of 

groundwater supply in the region in the region and mountainous terrains elsewhere.  

The first necessary step of any groundwater model requires conceptual qualitative 

thinking which, for the study region, has not been done before this study. The 

interpretation of geological context of the nine spring settings lay the groundwork for 

a more quantitative understanding of the hydrogeology of this region in the future.  
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WETLAND FACIES ACROSS BIOMES OF THE WORLD 
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ABSTRACT 
 

Wetlands cover approximately 8.6 percent of the Earth’s land surface and are 

found on every continent except Antarctica and in every climate, from the tropics to the 

arctic. However, wetland processes and their deposits are poorly understood; they are a 

relatively new field of research among geologists. There is no consensus on a facies model 

for paleowetlands. This may be due to the fact that biological and sedimentological 

processes vary by biome and thus wetland deposits differ worldwide.  

This research tests the hypothesis that wetlands have distinct facies in the 

geologic record and that their facies can be even further distinguished by the mean annual 

temperature (MAT) and mean annual precipitation (MAP) of their environment. Modern 

wetland deposits from each of the eight terrestrial biomes of the world (i.e. tundra, 

subarctic taiga, temperate forest, temperate grassland, temperate desert, tropical rain 

forest, tropical savanna, and tropical desert), representing varying MAT and MAP, were 

explored to determine if characteristics (i.e., sediments, flora/fauna fossils, paleosols, 

physical and geochemical features such as sedimentary structures, color, texture, 

redoximorphic- features, etc.) can distinguish these biomes. Holocene paleowetlands 

records provide the data to group deposits into their representative biomes. Analyzing 

wetland deposits across biomes allows for general summaries of the depositional 

environment (i.e., a facies model) to be proposed which is useful for: interpreting the 

system it represents, providing a norm for comparison purposes, predicting new 

geological situations, and teaching and learning about environments. 
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While this study determines that there are distinct similarities among wetland 

deposits across the world, a novel facies model that categorizes wetland deposits into 

three types by climate (i.e., Tundra/Taiga, Desert, and Grassland/Forest Wetlands) is 

proposed. An improved understanding and identification of the sedimentary records by 

wetlands is crucial for anticipating the future of these diverse yet fragile environments. 
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INTRODUCTION 

Wetlands exist in land areas that are saturated with water for all or at least part 

of the year, occupying a transitional environment between terrestrial and aquatic 

ecosystems (National Research Council, 1995; Tooth and McCarthy, 2007). They perform 

several critical functions from regulating water, energy, carbon and nutrient cycling to 

attenuating flood water, improving water quality, creating recreation space, and serving 

as refugia for biodiversity (LePage et al., 2012). Although the values of wetlands are highly 

recognized and appreciated today, they have not always been identified as such until 

more recently and are a relatively new field of study, especially among geologists (Mitsch 

and Gosselink, 2007). In fact, classic facies model textbooks (i.e., James and Dalrymple, 

2010) have yet to mention wetlands as environments of deposition.  

The eclectic benefits wetlands provide for society and nature make wetland 

research interdisciplinary. Ecologists, biologists, and hydrologists are some of the main 

contributors to wetland research and while their contributions provide unique 

perspectives on wetlands, their focus is primarily on their present function and formation, 

whereas little attention has been given to the long-term geological perspective on 

wetlands (Tooth and McCarthy, 2007). Furthermore, wetland processes occur in the 

“Critical Zone”, Earth’s permeable near-surface layer where rock, soil, water, air, and 

living organisms interact involving a plethora of processes (CZO, 2012). Because wetlands 

exist in a such a complex setting where many processes are at work, such as atmospheric 

processes from above and water-saturation processes from below, the geologic deposits 

are complex, making interpretation of the deposits difficult (Ashley et al., 2013). 
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Wetlands currently cover approximately 8.6% of the Earth’s land surface (LePage 

et al., 2012) including swamps, bogs, marshes, mires, fens, and other wet environments 

(Mitsch and Gosselink, 2007). Since wetlands are land drainage features and exist 

wherever there is a locally positive near-surface water balance at least seasonally (Tooth 

and McCarthy, 2007), they occur worldwide (Figure 1). In fact, they exist on every 

continent, except Antarctica, and in every climate from the tropics to the arctic (Mitsch 

and Gosselink, 2007). However, as the global climate inevitably changes, the extent and 

locations of wetlands across the planet will also change. Before one can begin to predict 

how wetlands may respond to global climate change, a better understanding of these 

systems is needed.  

 
Figure 1. Distribution of the world’s wetlands. Modified from Mitsch and Gosselink (2007). 
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Scientists cannot peak into a crystal ball to see how wetlands will change in the 

future; however, they are able to generate models for the future that can be constrained 

with wetland observations from the present and past. How close these models will be to 

reality is a function of the limited wetland data and observations that have been collected 

over the past few hundred years (LePage et al., 2012; Ashley et al., 2013). There is a need 

to better understand the past through more observational research in order to make 

more meaningful predictions for the future.  

The geological record is an archive of minerals and organic matter/ plant and 

animal remains which act as proxies providing clues to reconstructing past environments. 

Some proxies (such as organic matter, fossils, ash layers, etc.) can be dated, allowing for 

the time of deposition to be determined as well. Through the examination of fossils of 

flora/fauna and paleosol physical and geochemical features in paleowetland deposits, 

distinguishing characteristics of wetlands can be defined (LePage et al., 2012). However, 

there is currently no consensus among geologists as to what features from the geologic 

record are characteristic of paleowetlands. Fortunately, since wetlands exist worldwide 

and can be found in deposits from every biome, representing environments in terms of 

temperature and precipitation (Figure 2), these deposits can be examined for 

distinguishing characteristics across biomes. 

The objectives of this paper are to: (1) characterize modern wetland deposits in 

the lithologic record; (2) determine if a unique set of characteristics can be attributed to 

wetland deposits distinguishing them from all other depositional environments; and (3) 
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compare and contrast wetland deposits from different terrestrial biomes of the world to 

see if wetland deposits can be even further distinguished by MAT and MAP.   

 

 

 
Figure 2. Biomes. (A) Map showing the distribution of the world’s biomes (USDA, 2003). (B) Graph showing 
MAP (centimeters) versus MAT (degrees Celsius) for the biomes of the world (Cain et al., 2014). (C) 
Conceptual model of biomes in relation to temperature and dryness (Vnaya, 2016). 

 

  

(A) 

(B) (C) 
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BACKGROUND 

Facies Models  

 Sedimentary successions exposed in outcrop or obtained by coring have physical 

and, biological, and chemical features (i.e., typical sedimentary structures, texture, or 

type of fossil) which can be interpreted to infer the processes which created them and 

thus the environment of deposition in which the deposit was formed. This technique is 

termed facies analysis and is commonly used as an effective method to tease information 

out of the sedimentary record. Over the years, it has become apparent that certain 

environments can be associated with particular assemblages of facies (Walker, 1984). 

Such realizations have enabled sedimentary geologists to generate facies models, or 

general summaries of depositional environments, which can be used for several 

purposes: (1) to interpret the system it represents; (2) to provide a norm for comparison 

purposes; (3) to act as a framework and guide for further observations; (4) to predict new 

geological situations; and (5) to aid in teaching and learning about environments (Figure 

3) (James and Dalrymple, 2010). 

The processes leading to the creation of a facies model are depicted as Figure 3. 

In general, creating a facies model involves the subjective assessment of commonalities 

that can be found among all modern and ancient case studies of a certain environment, 

with less regard to local details and more of a focus to the overarching general 

characteristics of the system (James and Dalrymple, 2010).  
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Figure 3. Distillation processes involved in generating a facies model and the uses of a facies model. 
Modified from Walker (1984). 

 
Wetland Characterizations  

During the last few decades there has been a growing realization in the geological 

community that wetlands are an important environment on modern landscapes. Four 

studies summarized below reveal previous geological wetland characterizations.  
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(1) Fossil Spring Deposits in the Southern Great Basin and their Implications for 
Changes in Water-Table Levels near Yucca Mountain, Nevada, during 
Quaternary Time (Quade et al., 1995) 

 
 Quade et al. (1995) were the first to identify evidence of the water table (i.e., 

springs, wetlands) in the geologic record. They focused on Quaternary deposits at the 

Yucca Mountains in Nevada which were previously misinterpreted as lacustrine in origin. 

By examining the deposits and mollusk fauna found within them, they identified many 

characteristics to support the idea that these deposits represent a spring/ wet 

environment. They identified deposits associated with a high water table as the 

“phreatophyte flat” as consisting of mainly pale brown sand-silt entrapped by dense 

stands of phreatophytes covering valley bottoms. Deposits associated with springs 

discharge and wetlands were identified to consist of pale green to white muds, containing 

a mix of aquatic, semiaquatic, and moist terrestrial mollusks (Quade et al., 1995). While 

they did not refer to these deposit descriptions as “facies model” for spring or wetland 

environments, they did make the association between common characteristics in the 

sedimentary record and environment of deposition, paving the way for future facies 

models. They are credited to be the first to identify this whole new class of sediments 

which prior published literature failed to recognize or misinterpreted as lacustrine. 

(2) Wetlands in Drylands: Geomorphological and Sedimentological 
Characteristics, with Emphasis on Examples from Southern Africa (Tooth and 
McCarthy, 2007) 

 
Focusing primarily on examples in southern Africa, Tooth and McCarthy (2007) 

argue that wetlands that exist in drylands (as opposed to those existing in humid regions) 

can be shown to impart distinctive features in sedimentology and geomorphology. It is 
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argued that wetlands in drylands differ from humid (tropical and temperate) wetlands in 

that they have more frequent and/or longer periods of desiccation, channels that often 

reduce in size and sometimes disappear downstream, higher levels of chemical 

sedimentation, more frequent fires (reducing the potential for thick organic deposits and 

promoting aeolian activity), and longer timescales of development (extending far back 

into the Pleistocene) (Tooth and McCarthy, 2007). 

(3) Groundwater-Fed Wetland Sediments and Paleosols: It’s All About the Water 
Table (Ashley et al., 2013) 

 
 Ashley et al. (2013) argue that palustrine wetlands (including a range of semi-

permanently to permanently inundate nontidal environments) are likely to leave a 

permanent paleosol record. Their premise was that groundwater provides a consistent, 

persistent water source to palustrine wetlands during short-term and long-term climate 

fluctuations. This sustained water supply renders them most likely to create permanently 

saturated or flooded environments where hydric soils and hydrophytic vegetation are 

most likely to develop, and thus, most likely to be preserved in the geologic record. 

Aqueous geochemical features and biota reflective of waterlogged environments are 

indicated to be distinctive among groundwater-fed wetland deposits. Furthermore, a 

combination of the sedimentological (old to young) as well as pedological approach (from 

the surface downwards) to viewing wetland deposits is argued to lead to a better 

understanding of wetlands records. 

(4) Desert Wetlands in the Geologic Record (Pigati et al., 2014) 

Based on their experience working in desert wetlands in the American Southwest 

and the Atacama Desert of northern Chile, Pigati et al. (2014) argue that desert wetlands 
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create distinct depositional environments which can be identified in the geologic record 

as groundwater discharge (GWD) deposits. Although GWD deposits were first identified 

by Quade et al. (1995) in the southern Great Basin of Nevada, Pigati et al. (2014) built 

upon that by arguing that such deposits can be identified as a facies model for desert 

wetlands. Such GWD deposits are argued to have distinct physical characteristics, 

sedimentology, and biota (Pigati et al., 2014). The deposition of clastic sediments, 

groundwater precipitates, and organic matter as well as the preservation of ostracods 

and gastropods are the fundamental signatures of such deposits that are unique to the 

depositional environment of a desert wetland.  

 

STUDY SITES & METHODS 

Modern and ancient wetland deposits from across the world were identified in 

published documents. Study sites were chosen from each biome of the world including 

tundra, subarctic taiga, temperate forest, temperate grassland, temperate desert, 

tropical rainforest, tropical savanna, and tropical desert (Figure 4). Information was 

compiled for each wetland site including wetland type and formation, local climatic 

setting, lithology/sedimentology, paleontology/biology, geochemistry, and wetland age. 
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Figure 4. Location of biomes on a world map. (A) Tundra. (B) Taiga. (C) Temperate forest. (D) Temperate 
grassland. (E) Desert. (F) Tropical rainforest. (G) Tropical savanna. Modified from ISC-Audubon (2018). 
  

(A) (B) 

(C) (D) 

(E) (F) 

(G) 
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RESULTS & INTERPRETRATIONS 

Observations and Interpretations of Study Sites by Biome 

While earlier studies (Quade et al., 1995; Tooth and McCarthy, 2007; Ashley et al., 

2013; Pigati et al., 2014) provide a examples of previous attempts at distinguishing 

wetlands by climate, they focus primarily on wet versus dry wetlands and neglect to 

include the effects of temperature. By examining wetlands across all biomes (the 

objectives of this study) comparisons and distinctions can be made not only between wet 

and dry wetlands, but also between hot and cold wetlands (Figure 2).  

The paleowetland/ wetland data collected for this paper are provided as a 

summary in Table 1. The complete list of the paleowetland/ wetland data, including 

information such as biome characterization, wetland type and formation, local climatic 

setting, lithology/sedimentology, paleontology/biology, geochemistry, and wetland age 

is provided in Appendix VIII. The following sub-sections describe the observations of the 

collected data for each wetland by biome and the interpretations that were drawn for 

each biome. 
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Table 1. Summary table of distinguishing features of wetland deposits based on referenced literature.  

Biome  Reference  Study Site Distinguishing Feature(s)? 

Tundra Pendea et al., 
2017 

Kamchatka Peninsula, NW 
Pacific seaboard, Russia 

Sphagnum peat; lack of trees or deep 
roots, Peat-rich permafrost, low mineral 
percentages, many microfossil mosses Ellis and 

Rochefort, 
2006 

Simirlik National Park, part of 
the Canadian Arctic Archipelago 

Subarctic 
Taiga 

Spooner et 
al., 2017 

Baltzer Bog, Annapolis Valley, 
Coldbrook, Nova Scotia, Canada 

Sphagnum peat; intermediate 
woodland layers (Black Spruce) 

Spooner et 
al., 2017 

Big Meadow Bog, Briar Island, 
SW Nova Scotia, Canada 

Lamentowicz 
et al., 2015 

Baltic Bog, N Poland 

Temperate 
Forest 

Coon, 1997 Ellison Park wetland, mouth of 
Irondequoit Creek, Rochester, 
New York 

Organic material (?) 

Woodward et 
al., 2014 

Little Llangothlin, New England 
Tablelands, E Australia 

Temperate 
Grassland 

Norström et 
al., 2009 

Braamhoek wetland, E Free 
State, South Africa 

? 

Temperate 
Desert 

Sivan et al., 
2011 

Carmel coast, N Israel Groundwater discharge (GWD) 
deposits: clastic sediment, groundwater 
precipitates, "black mats", and biota 
including ostracods, gastropods, 
foraminifera 

Pigati et al., 
2014 

Cerros Negros, Arizona 
Dove Springs, California 
Murray Springs, California 
Salar de Punta Negra, Chile 
Rio Salado, Chile 

Li et al., 2015 Ulan Buh Desert, SW Inner 
Mongolia 

Tropical 
Rain Forest 

Beach et al., 
2009 

Maya lowlands, Yucatan 
Peninsula and adjacent lowlands 
in Mexico, 
Belize, & Guatemala 

Calcareous clayey sediments with high 
amounts of gypsum and organic matter; 
smectite clays (?) 

Tropical 
Savana 

Ashley et al., 
2004 

Loboi Swamp, Kenya, Africa Redoximorphic features in clay; 
vegetation typical of semi-arid 
environment with a fluctuating water 
table (?) 

Irion et al., 
2016 

Araguaia River floodplain, S 
Amazon basin 

Tropical 
Desert 

Quade et al., 
2008 
 

Salar de Punta Negra, central 
Atacama Desert, northern Chile, 
W slope of Andes 

Groundwater discharge (GWD) 
deposits: clastic sediment, groundwater 
precipitates, less organic material, and 
biota including gastropods, sponges & 
diatoms; chemical sedimentation; 
evidence of frequent fires resulting in 
thin organic accumulations; desiccation 
features; redoximorphic features in clay 

Tooth and 
McCarthy, 
2007 

Okavango Delta, Botswana, 
Africa 

O'Brien and 
Burne, 1994 

The Great Cumbung Swamp, E 
Australia  
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Tundra 

The tundra biome (Figure 4A) is the world’s coldest and driest biome. According 

to the Köppen Climate Classification (ISC-Audubon, 2018), this biome is located between 

latitudes 55° to 70° North, has an average annual temperature of -28°C, and receives only 

about 15 to 25 cm of precipitation a year, mostly in the form of snow. The picture below 

of a modern tundra wetland in Greenland depicts the typical landscape of a tundra 

wetland where mosses are present, but diversity in vegetation is limited (Figure 5A). 

 
Figure 5A. Tundra wetland; photo taken at the Aqajarua and Sullorsuaq Ramsar Site in Greenland. 
Image credit: Tobias Salathé (“Ramsar focuses on Arctic wetlands,” 2014).  

 
Two paleowetland sites were examined from the tundra biome (Table 1 and 

Appendix VIII). One modern wetland, located in the Kamchatka Peninsula in Russia, is a 

small coastal fen peatland nested in a former kettle basin that has existed for multiple 

periods over the past ~9000 years (Pendea et al., 2017). A fen, defined by Mitsch and 
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Gosselink (2007), is a “peat-accumulating wetland that receives some drainage from 

surrounding mineral soil and usually supports marshlike vegetation”. Presently, the 

peatland is dominated by sedges from the Cyperaceae family with a bryophyte understory 

consisting of Bryidae mosses and Sphagnum species. The wetland has been identified as 

an intermediate shrub-fen with Sphagnum-sedge peat, a rich fen with Bryidae-sedge 

peat, and a rich shrub fen with sedge-carr peat. Layers of tephra were deposited between 

these wetland sequences (Pendea et al., 2017). The tephra layers are associated with 

increased fire activity. Thick tephra air-fall deposits caused forest die-out leading to 

increased fire activity (Pendea et al., 2017). The other wetland, located in the Simirlik 

National Park in the Canadian Arctic Archipelago, is described as low-lying terraces 

(referred to as “tundra polygon complexes”) and has existed for multiple periods with the 

last ~3500 years (Ellis and Rochefort, 2006). Presently, the wetland consists of peat-rich 

permafrost soils dominated by sedges, grasses, and fen mosses. Wetland sequences are 

identified by the presence of macrofossil mosses and lower mineral percentages (Ellis and 

Rochefort, 2006).  

The presence of moss-rich peat in these deposits has the potential to be a distinct 

characteristic for northern wetlands. Of the many types of soils that exist in wetlands, 

organic soil, particularly undecomposed organic soil (i.e., peat), is most commonly found 

in northern wetlands (i.e., peatlands) (Mitsch and Gosselink, 2007). Organic soils tend to 

have lower bulk densities and a greater cation exchange capacity than mineral soils. 

Sphagnum moss can be very light with bulk densities as low as 0.04 g/cm3 and Sphagnum 

moss peat has a high cation capacity (Mitsch and Gosselink, 2007). Additionally, the lack 
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of evidence of trees or deep roots (which cannot be supported in tundra environment 

conditions) can further provide evidence of the tundra biome (ISC-Audubon, 2018) (Table 

1). 

Subarctic Taiga 

The subarctic taiga biome (Figure 4B) is located near the top of the world, just 

south of the tundra biome. The average annual temperature is below freezing for half of 

the year. In the winter, the temperature ranges from -54°C to -1°C and in the summer the 

temperatures range from -7°C to 21°C. The annual precipitation is about 30 to 85 cm (ISC-

Audubon, 2018). The picture below of a modern taiga wetland in Canada depicts a typical 

landscape of a taiga wetland where grasses and shrubs exist at the margin of open water 

and evergreen forest stands surround the wetland (Figure 5B). 

 
Figure 5B. Taiga Wetland; photo taken along the shoreline of Long Lake, near Yellowknife in the 
Northwest Territories of Canada. Photography by Michael John Brown (Brown, 2011). 
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Data from four paleowetland sites from the subarctic taiga biome were examined 

(Table 1 and Appendix VIII). Three wetlands are identified as bogs; two bogs are located 

in Nova Scotia, Canada (Spooner et al., 2017) and one in northern Poland (Lamentowicz 

et al., 2015). One of the wetlands is identified as a paleo-pingo depression located in the 

Sanjiang Plain in northeast China (Zhang et al., 2017). A bog, defined by Mitsch and 

Gosselink (2007), is a “peat accumulating wetland that has no significant inflows or 

outflows and supports acidophilic mosses, particularly Sphagnum”. A pingo is a “perennial 

frost mound consisting of a core of massive ice, produced by injection of water, and 

covered with soil and vegetation” (Harris et al., 1998). A depression is created when the 

ice cone melts.  

The three modern bogs have existed for multiple periods throughout at least the 

last ~1000 years; the paleo-pingo depression exists presently and has existed for multiple 

periods throughout the last ~4500 years. For the most part, the wetland deposits from 

these four localities consisted of peat containing various Sphagnum species (Lamentowicz 

et al., 2015; Spooner et al., 2017; Zhang et al., 2017). Intermediate woodland deposits 

occur between the wetland deposits at the two Canadian localities (Spooner et al., 2017). 

These intermediate woodland layers consisted of single wood layers within a Sphagnum-

peat matrix with upright Black Spruce trunks (Spooner et al., 2017). Wetland sequences 

for the Chinese locality were identified by an increase in peat content (Zhang et al., 2017). 

Similar to the tundra biome listed above, Sphagnum peat found in wetland 

deposits provides evidence for a northern wetland environment (Mitsch and Gosselink, 

2007). The intermediate woodland layers containing Black Spruce trunks provide 
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additional context for the environment of deposition, as spruce trees are commonly 

found in the taiga biome (ISC-Audubon, 2018) (Table 1). 

Temperate Forest 

The temperate forest biome (Figure 4C) is also known as the deciduous forest 

biome or moist continental climate. The average annual temperature is 10°C and the 

average annual rainfall is approximately 75 to 155 cm (ISC-Audubon, 2018). The picture 

below of a modern temperate forest wetland in New York state shows the typical 

landscape of a temperate forest wetland and deciduous trees (i.e., swamp oak) (Figure 

5C). 

 
Figure 5C. Temperate Forest Wetland; photo taken at the Blueberry Patch Swamp in Schuyler 
County, New York (U.S. Forest Service, 2017). 

 

Data from two wetland sites from the temperate forest biome were examined 

(Table 1 and Appendix VIII): Ellison Park located in Rochester, New York (Coon, 1997) and 
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Little Llangothlin in eastern Australia (Woodward et al., 2014). The Ellison Park wetland is 

a modern wetland but has a sedimentary record. The deposits consist of silt and clay with 

high organic matter (Coon, 1997). The Little Llangothlin wetland is present today and has 

existed for multiple periods throughout at least the last ~1000 years. The deposits consist 

of varying amounts of dark brown organic sediment, peat, and charcoal  (Woodward et 

al., 2014). The dominant plant species in the Ellison Park wetland is cattail (Typha glauca) 

whereas various plants ranging from Myriophyllum varifolium at the lagoon margin, 

Potamogeton crispus (pondweed) within the shallow portion of the lagoon, Eleocharis 

sphacelata (Cyperaceae-sedge) at the lagoon basin, to Eucalyptus, at the forest stands 

were documented (Coon, 1997; Woodward et al., 2014). 

While wetland deposits from the two temperate forest sites both contain organic 

soils and hydrophytic vegetation, they do not appear to have characteristics in common 

that could provide evidence for a distinct facies model for temperate forest wetlands. 

However, it may be possible to rule out certain biomes by the existence of surrounding 

forest stands (e.g., tundra cannot support the growth of forests). Further research is 

needed to determine if a facies model for this biome could be generated (Table 1).  

Temperate Grassland 

The temperate grassland biome (Figure 4D) is located at mid-latitudes and in the 

interior of continents. In the winter, the temperature can be as low as -40°C and in the 

summer as high as 21°C. Temperate grasslands receive an average annual rainfall of 25 to 

75 cm a year; the precipitation is erratic enough that drought and fire prevent large 

forests from growing, but it is enough precipitation to support grasses (ISC-Audubon, 
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2018). The picture below of a modern temperate grassland wetland in the prairie pothole 

region of the United States reveals the typical landscape of a temperate grassland 

wetland where lush grasses surrounding pools of water can be seen (Figure 5D). 

 
Figure 5D. Temperate Grassland Wetland; photo taken from the Prairie Pothole Region of the 
United States (USDA Natural Resource Conservation Services). 

 

 One paleowetland site was examined from the temperate grassland biome (Table 

1 and Appendix VIII). The wetland is identified as Braamhoek wetland and is located in 

South Africa (Norström et al., 2009). The Braamhoek wetland is thriving under the present 

climate and has existed over multiple intervals throughout at least the past ~16,000 years. 

The deposits consist of variously colored organic “sandy peat”, “clayey peat”, and 

“tussock peat” containing minerogenic particles (Norström et al., 2009). The dominant 

species associated with the Braamhoek wetland include Poaceae grasses (Phragmites 
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australis and Poa binata) and Cyperaceae sedge (Carex acutiformis) (Norström et al., 

2009).  

 These deposits do not contain any features that appear to be unique to this biome. 

Further research is needed to determine if a facies model for this biome could be 

generated (Table 1).  

Temperate Desert 

The temperate desert biome (Figure 4E) has an annual average temperature of 

10°C and receives less than 100 cm of precipitation a year (ISC-Audubon, 2018; Cain et al., 

2014). The picture below of a modern temperate desert wetland in Chile depicts typical 

landscape of a temperate desert wetland where lush vegetation is dependent on wetland 

water to persist (Figure 5E). 

 
Figure 5E. Temperate Desert Wetland; photo taken in the Arcoiris Valley in Rio Salado, Chile 
(Explore-Share, 2019).  
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 Seven paleowetland sites were examined from the temperate desert biome (Table 

1 and Appendix VIII) including: the Carmel Coast in northern Israel; Cerros Negros in 

Arizona; the Dove Springs in California; the Murray Springs in Arizona; Salar de Punta 

Negra in Chile; Rio Salado in Chile; and the Ulan Buh Desert in southwestern Inner 

Mongolia (Sivan et al., 2011; Pigati et al., 2014; Li et al., 2015). The wetland deposits from 

the American Southwest and Atacama Desert consisted of clastic sediments, groundwater 

precipitates (such as spring travertine, water-table carbonate, wetland marl, and wetland 

tufa, etc.), and organic matter (“black mats”) (Pigati et al., 2014). The wetland deposits 

from the Carmel Coast and Ulan Buh Desert consisted mostly of dark brown silty clays 

(Sivan et al., 2011; Li et al., 2015). Ostracods and foraminifera were observed in all 

wetland deposits, except for those in the Ulan Buh Desert (Sivan et al., 2011; Pigati et al., 

2014; Li et al., 2015). In the deposits of the American Southwest and Atacama Desert, 

biota such as gastropods, sponges, chironomids, ostracods, and algae were also observed 

(Pigati et al., 2014). 

 As already noted by Pigati et al. (2014), GWD deposits (i.e., clastic sediment, 

groundwater precipitates, and “black mats”) were identified in all wetland deposits from 

the American Southwest and the Atacama Desert. Ostracods and foraminifera, identified 

as signature biota in GWD deposits of desert wetlands (Pigati et al., 2014), were observed 

not only in the deposits of the American Southwest and Atacama Desert, but also in the 

deposits from the Carmel Coast in Israel. This suite of characteristics provides evidence 

for a temperate desert wetlands facies model (Table 1).  
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Tropical Rainforest 

The tropical rainforest biome (Figure 4F) has a moist climate with temperatures 

that rarely exceed 34°C or drop below 20°C (ISC-Audubon, 2018). The average humidity 

in this biome is between 77 and 88 percent with an average annual rainfall between 125 

to 550 cm (ISC-Audubon, 2018). The picture below of a modern tropical rainforest 

wetland in the Amazon rainforest region of Brazil depicts the diverse flora typically seen 

in tropical rainforest wetlands (Figure 5F). 

 
Figure 5F. Tropical Rainforest Wetland; photo taken in the Amazon rainforest region of Brazil. Image credit: 
James Davis Photography/ Alamy Stock Photo (Davis). 

 

Wetlands located in the Maya lowlands of the Yucatán Peninsula and adjacent 

lowlands in Mexico, Belize, and Guatemala were examined from the tropical rainforest 

biome (Table 1 and Appendix VIII). The wetlands in these localities ranged from upland 

and intermittent “bajos” to coastal plain’s floodplains, depressions, and submerged 
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sinkholes (Beach et al., 2009). The wetlands exist presently and existed at multiple 

intervals throughout the Holocene. The deposits consist of thick calcareous clayey 

sediments with high amounts of gypsum and organic matter. Alternating wet-dry 

hydrology conditions are indicated by the expansion and contraction of smectite clays, 

and the uneven distribution of accumulating masses of sediment and argilliturbation 

(breakage of horizons, heaving, and slickensides throughout the soil profile) (Beach et al., 

2009). The wetlands are characterized as forested and herbaceous including red 

mangrove (Rhizophora mangle), hardwood swamps, sawgrass (Cladium jamaicense) 

marsh, marl flats dominated by Cyperaceae, sedge marshes dominated by a few Cyperus 

species, and calabash marsh dominated by Eleocharis interstincta (Beach et al., 2009).  

 Evidence of these biota in the sedimentary record may indicate what biome the 

deposit did not form in (e.g., taiga, tundra, desert), but does not necessarily indicate a 

tropical rainforest depositional environment. However, the sedimentology of the 

deposits from this biome (i.e., calcareous clayey sediments, high amounts of gypsum and 

organic matter, smectite clays, etc.) prove to be distinctive; however, further research is 

needed to determine if a facies model for this biome could be generated (Table 1). 

Tropical Savanna 

The tropical savanna biome (Figure 4G) has a wet-dry tropical climate which is 

found between the tropical rainforest and desert biome. This biome does not receive 

enough rainfall to support forests, but typically has shrubs and isolated trees. Savannas 

have warm temperatures year-round, with two different seasons (a dry season in the 

winter and a wet season in summer). Only about 10 cm of rain falls during the dry season 
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and the temperatures are cooler at about 21°C.  During the wet season, there is about 38 

to 63 cm of rainfall and the temperatures get very hot and humid (ISC-Audubon, 2018). 

The picture below of a modern tropical savanna wetland in Australia depicts the typical 

landscape of a tropical savanna wetland (Figure 5G). 

 
Figure 5G. Tropical Savanna Wetland; photo taken at Mareeba Wetlands in Queensland, Australia 
(Mapdata). 

 
Two paleowetland sites were examined from the tropical savanna biome (Table 1 

and Appendix VIII). One wetland is identified as Loboi Swamp, located in Kenya, Africa 

(Ashley et al., 2004) and the other wetland is located in the Araguaia River floodplain in 

the southern Amazon basin (Irion et al., 2016). Loboi Swamp has existed for the past ~700 

years and the deposits consist of peat capping organic-rich clay with redoximorphic 

features (Ashley et al., 2004). Presently, Loboi Swamp contains cattail Typha domingensis 

Pers. (80%) and Cyperus papyrus L. (20%), wetland pollen species (50%), and abundant 
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diatoms (R. gibberula) (Muasya et al., 2004). The surrounding floodplain consists of 

montane pollen and scarce diatoms; the uplands consist of Acacia scrubland; and the 

plains consist of salt-tolerant grasses such as Sporoblous spicatus (Ashley et al., 2004). The 

Araguaia River floodplain wetland has existed throughout multiple periods during the 

past ~240 ka years and the deposits consists of sequences of smectite, illite, kaolinite, and 

other clay minerals. Presently, 60% of the wetland area is covered in termite savannas, 

single-tree savannas, and savanna forests (Irion et al., 2016).  

 The abundant redoximorphic features observed with the clay deposits can be 

indicative of an environment that has a wet and dry season (Mitsch and Gosselink, 2007); 

however, this does not necessarily limit the deposits to the tropical savanna biome. 

Additionally, the biota present in these wetland deposits do not limit the wetland deposits 

to be from one particular biome either, but they do suggest a semi-arid environment 

where the plants have adapted to survive in long periods of drought (Ashley et al., 2004). 

Further research is needed to determine if a facies model for this biome could be 

generated (Table 1). 

Tropical Desert 

The tropical desert biome (Figure 4E) is hot and dry and located near the Tropic of 

Cancer or Tropic of Capricorn. The temperature ranges from 20 to 25°C and about 15 cm 

of precipitation is received annually on average (ISC-Audubon, 2018). The picture below 

of a modern tropical desert wetland in the Okavanga “Delta” shows the typical landscape 

of a tropical desert wetland (Figure 5H). 
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Figure 5H. Tropical Desert Wetland; photo taken at the Okavango Delta in Botswana (Mackay and Davidson, 
2014). 

 
 Three paleowetland sites were examined from the tropical desert biome (Table 1 

and Appendix VIII) including older deposits from Salar de Punta Negra in the central 

Atacama Desert of northern Chile (Quade et al., 2008); deposits from the Okavango Delta 

in Botswana, Africa (Tooth and McCarthy, 2007);and deposits from the Great Cumbung 

Swamp in eastern Australia (O’Brien and Burne, 1994). At all three localities have modern 

wetlands which have existed at various times throughout the Holocene. Deposits from 

the Atacama Desert salt-pan consist of organic matter, greenish silt (from sustained 

reduction in locally-saturated/ oxygen-deficient conditions), and layered diatomite with 

evidence of wet sediment deformation; deposits from the Okavango delta wetlands 

consist of accumulations of chemical sediments in substrates (salt crusts) with peat that 

has burned off during natural fires; the deposits from the Great Cumbung Swamp consist 

of dark-colored clays composed of silt-sized quartz and smectite which show evidence of 
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dry conditions such as deep cracks, color mottling, granular structures, and less organic 

matter (O’Brien and Burne, 1994; Tooth and McCarthy, 2007; Quade et al., 2008). The 

biota in the deposits consist of gastropods, diatoms, sponge spicules, and various levels 

of salt-tolerant shrubs (i.e., Tessaria and Atriplex), grasses (sporobolus spicatus and 

cunodon dactylon), reeds (Phragmites australis and Typha orientalis), and trees. (O’Brien 

and Burne, 1994; Tooth and McCarthy, 2007; Quade et al., 2008).  

 As already noted by Pigati et al. (2014) and Tooth and McCarthy (2007), the 

wetland deposits from this biome can be distinguished by the presence of GWD deposits 

(i.e., clastic sediments, groundwater precipitates, gastropods), indications of higher levels 

of chemical sedimentation, frequent fires resulting in thin organic accumulations, and 

long periods of desiccation. In comparison with the deposits of the temperate desert 

biome, the deposits from the tropical desert biome appear to have less organic matter; 

however, more data is needed to confirm if this is a common pattern. Additionally, 

evidence of redoximorphic features were observed which indicate that the mineral soil is 

exposed to alternating wet and dry conditions (O’Brien and Burne, 1994; Tooth and 

McCarthy, 2007; Quade et al., 2008). However, further research is needed to support the 

facies model for this biome (Table 1). 
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DISCUSSION 

Discussion of Differences and Similarities across Biomes 

Similarities among Wetland Deposits  

Although the data collected are limited, some inferences can be drawn in regard 

to the similarities and differences of the wetland deposits examined. It is much easier to 

find similarities among wetland deposits than differences. They all consist of hydric soils 

and support some forms of hydrophytic vegetation, distinct from the adjacent deposits 

(National Research Council, 1995). Hydric soils are soils that have been saturated, 

flooded, or ponded long enough during the growing season to develop anaerobic 

conditions that support hydrophytic vegetation (National Research Council, 1995). Hydric 

soils can be either organic or mineral. In mineral soils, biochemical processes causing iron 

and manganese to reduce have a big impact on the color and morphology of the soil, 

which acts as an indicator as to whether a soil is hydric or not (National Research Council, 

1995). Moisture content plays a large role in driving such oxidation-reduction and acid-

base reactions to occur (Figure 6). The substrates examined consist of a wide range of 

mineralogies (representing various geochemical settings) reflected in the various colors 

of fine-grained sediments forming either mineral or organic soil, with varying amounts of 

charcoal, and precipitates (Appendix VIII). The flora/fauna consists of various grasses, 

sedges, reeds, and mosses, diatoms, ostracods, gastropods, algae, sponges, foraminifera, 

teeth/bones of macro and micro vertebrates, and more (Appendix VIII). All of these 

features give wetland deposits a unique characterization, one worthy of its own facies 

model.  
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Figure 6. Pourbaix diagram. Soil distribution type in relation to  pH and redox potential (Eh) (Tiner, 2017). 
 

Differences among Wetland Deposits 

Differences among wetland deposits, although quite often subtle, were discerned 

from the data collected for this study. Although distinctive features were not determined 
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for each biome, some patterns among a few biomes were recognized and with further 

research, there is a likelihood that wetland facies models can be created for each biome. 

Distinguishing characteristics for the most arid endmembers (the tundra and 

desert biomes) as well as for the taiga were evident from the data collected. The tundra 

and taiga deposits both contained Sphagnum or other moss-rich peat (high in organic 

content) which is associated with northern wetlands (Table 1). These two biomes could 

be further distinguished by their deposits due to the lack of trees in the tundra deposits 

and the presence of trees in the taiga deposits (Table 1). In agreement with Husson  

(2013), Pigati et al. (2014), and Tooth and McCarthy (2007), desert wetland deposits, for 

the most part, can be distinguished by the presence of GWD deposits (clastic sediment, 

precipitates, “black mats”, and biota including ostracods, gastropods, foraminifera, 

sponges, and diatoms), charcoal, and desiccation features (Table 1). The main difference 

between temperate and tropical desert deposits was that tropical deposits contained less 

organic matter, likely due to more frequent fires (Table 1).  

Some features found in the temperate forest deposits (i.e., high amount of organic 

material), the tropical rainforest deposits (i.e., calcareous clayey sediments with high 

amounts of gypsum and organic material and as well as the presence of smectite), and 

the tropical savanna deposits (i.e., redoximorphic features in clay indicative of a wet and 

dry season as well as the presence of vegetation typical of semi-arid environment with a 

fluctuating water table) could be distinguished (Table 1). The deposits from the 

temperate grassland were not indicative of any features that would be unique to that 

environment of deposition. While evidence from deposits of these three biomes may not 
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warrant individual facies models at this juncture, it is possible that together they have 

commonalities that are not seen in the other biomes (Appendix VIII).  

 

Proposed Wetland Facies Model: Tundra/Taiga, Desert, & Grasslands/Forests Wetlands 
 

Based on the differences outline above, a new wetland facies model is proposed 

(Figure 7). Although wetland deposits cannot be categorized into eight distinct categories 

by biome at this time, they can be categorized into three distinct groups, each with their 

own distinctive sediment “fingerprint”: (1) Tundra/Taiga Wetlands; (2) Desert Wetlands; 

and (3) Grassland/Forest Wetlands (Figure 7).  

The Tundra/Taiga Wetland type includes Tundra and Subarctic Taiga wetland 

deposits, the Desert Wetland type includes temperate and tropical desert wetland 

deposits, and the Grassland and Forest Wetland type includes temperate grassland, 

temperate forest, tropical savanna, and tropical rainforest deposits. The Tundra/Taiga 

and Desert Wetlands receive the lowest amounts of precipitation while the 

Grassland/Forest Wetlands receive the highest. The Tundra/Taiga Wetlands consist of the 

coldest temperatures while the Desert and Grassland/Forest Wetland consist of higher 

temperatures (temperate and tropical). Distinctive lithologic and biological features for 

each type are outlined in Figure 6. In general, there is an increase in organic content seen 

in wetlands located in wetter conditions (i.e., Grassland/Forest Wetlands) and an increase 

in mineral sediments and specified biota (i.e, Spagnum, Ostracods, gastropods, etc.) seen 

in wetlands located in drier conditions (i.e., Tundra/Taiga and Desert Wetlands). 
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Figure 7. Wetland Facies Model. Wetland deposits from each biome are categorized into three types, each 
with distinct sedimentological and/or biological characteristics: (1) Tundra/Taiga Wetlands; (2) Desert 
Wetlands; and (3) Grassland and Forest Wetlands.  
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Limitations  

 Wetland biomes can be confidently grouped into three broad but distinctive 

types. With an expanded data set it is likely that more types will emerge. The following 

limitations of this paper must be taken into account: (1) the number of study sites per 

biome were not equal; some contained several deposits to draw inferences from, while 

others only contained one; (2) many of the paleowetland studies are biased in that they 

focus most heavily on the paleontology of the deposits, rather than the sedimentology; 

(3) the MAT and MAP for some study sites were not explicitly stated so inferences were 

made as to which biome those particular study sites were deposited in; (4) wetland types, 

soil, and vegetation were documented as reported in each paper, however these names 

can sometimes differ in meaning internationally as the classifications vary across the 

world; (5) various wetland types with various hydrologic sources (e.g., palustrine, 

lacustrine, riverine, estuarine, etc.) were examined as a part of this study; and (6) the 

facies model was based on the inclusion of clastic, biological, and chemical features in the 

sedimentary record, but these features were not considered alone. Future work could 

consider the creation of a wetland lithologic facies model, a wetland biologic facies model, 

and/or wetland chemical facies model.  
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CONCLUSIONS 

Despite the fact that wetlands are among the most important ecosystems in the 

world and are recognized today as such, they are poorly understood (Mitsch and 

Gosselink, 2007). While they have been extensively studied by biologists, paleontologists, 

and hydrologists— they have been rather neglected by geologists (Tooth and McCarthy, 

2007). The ability to understand the future of wetlands under global climate change is 

highly dependent on the empirical data collected from modern wetlands and wetland 

sedimentary records (LePage et al., 2012).  

 In an effort to fill this knowledge gap, this study examined modern wetland 

deposits from across the world. Through the collection and compilation of lithological/ 

sedimentological, paleontological/biological, and geochemical data of wetland deposits 

from every biome of the world, wetland deposits were identified to have unique facies in 

the lithologic record. 

Similarities among all wetland deposits were identified and include the presence 

of hydric soils (fine-grained sediments forming either mineral or organic soil with varying 

amounts of charcoal, precipitates, and redoximorphic features) and fossils of hydrophytic 

flora/ fauna (Figure 6).  

While there were not enough distinguishing characteristics to categorize wetland 

deposits into eight distinct categories by biome (Table 1), there were enough differences 

among the deposits to warrant a new facies model that categorizes wetlands into three 

distinct types by climate: (1) Tundra/Taiga Wetlands; (2) Desert Wetlands; and (3) 

Grassland/Forest Wetlands (Figure 7). Tundra/Taiga wetland deposits consist of 
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Sphagnum and moss-rich peats (specific to northern wetlands), intermediate woodland 

layers, less vegetation, and shorter roots. Desert wetland deposits consist of GWD 

deposits (with the distinct components of containing clastic sediment, precipitates, 

organic matter, and specific biota), chemical sedimentation, charcoal, and desiccation 

features, in agreement with Quade et al. (1995), Pigati et al. (2014), and Tooth and 

McCarthy (2007). Grassland/Forest wetland deposits consist of high organic content, 

calcareous clayey sediments with high gypsum content, redoximorphic features, and 

smectite clays. In general, there is an increase in organic content seen in wetlands located 

in wetter conditions such as the Grassland/Forest Wetlands and an increase in specified 

biota seen in wetlands located in drier conditions such as the Tundra/Taiga and Desert 

Wetlands. These results suggest that climate (MAT and MAP) plays an important role 

wetland deposition.  

Wetland biomes can be confidently grouped into three broad but distinctive types 

based on climate. With an expanded data set it is likely that more types will emerge, 

therefore, further research and data collection is needed to support this wetland facies 

model and further fil the knowledge gap. Such studies will provide understanding and 

clarity to the wetland systems of the present, which can be used to constrain and 

understand how these important, yet fragile, ecosystems will behave in the future.  
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THESIS CONCLUSION 

Springs and wetlands exist all over the world and it is unlikely for one to have never 

encountered or benefited from one of these hydrogeological features at some point in 

time. Yet, this thesis has unveiled how our understanding of such features can be so 

cloudy. The purpose of this thesis in its entirety is to bring science a step closer toward 

elucidating the uncertainties of what is occurring below the surface of these features from 

a geologist’s perspective. Chapter One focused building a framework for understanding 

the modern spring systems of the NVH in Tanzania while Chapter Two zoomed out and 

attempted to generate a facies model for wetlands across biomes of the world. Both 

chapters have provided novel information on these hydrogeological features where 

knowledge is sparse.   

Chapter One 

Chapter One examined the groundwater system associated with the NVH as well 

as the spatiotemporal availability of water in the region. Through the amalgamation of 

several resources of data, it was found that distinct temporal and spatial rainfall patterns 

were determined for the study area and three schematic conceptual models were 

developed to determine modes of spring formation for the study area.  

Findings from the rainfall analysis include the following: on a yearly basis, there 

are two wet seasons from October-November and March-May forced by the seasonal 

migration of the ITCZ; on an interannual basis, peak rainfall years occur nearly every 5 and 

can be partially attributed to the ENSO or the IOD; and the orography of the study area 

highly impacts the spatial distribution of rainfall. Extreme, episodic rainfall events, such 
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as the biannual monsoons and interannual peak rainfall years at the study region, likely 

recharge the local groundwater system. Additionally, recharge likely occurs at higher 

elevations such as the NVH. 

The three schematic conceptual models developed are as follows: (1) 

Groundwater intersects the surface at local base level; (2) Permeable rock (aquifer) 

intersects the surface along slope; and (3) Artesian flow up fractures under hydraulic 

head.  Moreover, a novel approach of measuring river stage was introduced.  

These data help to describe the hydrological inputs and physical framework of the 

groundwater system at the NVH which, prior to this research, has not been done. In 

addition, this study provides the first step toward making quantitative groundwater 

models. The rainfall analysis provides necessary insights for estimating groundwater 

recharge, a highly important parameter used in groundwater modeling. The spring 

settings provide a qualitative, first-order, conceptualization of the physical framework of 

the groundwater system. These data lay the groundwork for future groundwater 

modeling and a more quantitative understanding of the hydrogeology of this region in the 

future. If more resources and time were allotted in the future, borehole drilling to obtain 

subsurface geological information for the region, as well as conducting additional rainfall 

and flow rate studies, would allow for more robust data to make more accurate 

groundwater models.  

Chapter Two  

Chapter Two explored modern and ancient wetland deposits from across the 

world to determine whether a facies model for wetlands could be developed. Lithological/ 
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sedimentological, paleontological/ biological, and geochemical data mined from 

published documents where wetlands were identified in were compiled for each wetland 

site and analyzed for commonalities among all deposits as well as among deposits of the 

same biome.  

Similarities among all wetland deposits were identified and include the presence 

of hydric soils (fine-grained sediments forming either mineral or organic soil with varying 

amounts of charcoal, precipitates, and redoximorphic features) and hydrophytic 

flora/fauna fossils.  

While there were not enough distinguishing characteristics to categorize wetland 

deposits into six distinct categories by biome, there were enough differences among the 

deposits to propose a novel facies model that characterized wetlands into three distinct 

types by climate: (1) Tundra/Taiga Wetlands; (2) Desert Wetlands; and (3) 

Grassland/Forest Wetlands. These results suggest that MAT and MAP play an important 

role in wetland deposition.  

The study was the first step in determining if a unique set of characteristics can be 

attributed to wetland deposits distinguishing them from all other depositional 

environments. Further research and data collection are needed to support this initial 

wetland facies model and further fill the knowledge gap. In doing so, more clarity will be 

obtained as to the wetland systems of the present and past, which will pave the way to 

obtaining more accurate data to constrain how future wetlands may behave as the 

environment changes.  



134 

APPENDICES 



CHAPTER ONE 

APPENDICES I-VII 

135



APPENDIX I 

136



T
O

P
O

G
R

A
P

H
Y

 A
N

D
 D

R
A

IN
A

G
E

T
he

 s
ou

th
-w

es
te

rn
 C

ra
te

r 
H

ig
hl

an
ds

, 
w

hi
ch

 c
om

pr
is

e 
th

e 
ex

tin
ct

 v
ol

ca
no

e
s 

Le
m

a
ga

ru
t 

(1
0,

27
6

 f
e

et
),

 S
ad

im
an

 (
9,

40
0 

fe
et

) 
an

d

O
ld

ea
ni

 (
10

,4
60

 f
ee

t)
 t

og
et

he
r 

w
ith

 t
he

 M
al

an
ja

 D
ep

re
ss

io
n 

an
d 

a 
w

es
te

rn
 s

eg
m

e
nt

 o
f 

th
e 

N
go

ro
ng

or
o 

C
al

d
er

a 
(C

ra
te

r)
, 

do
m

in
at

e

th
e 

e
as

te
rn

 p
ar

t 
of

 t
he

 s
h

ee
t. 

O
ld

ea
ni

 b
lo

ck
s 

th
e 

no
rt

he
rn

 e
nd

 o
f 

th
e 

no
rt

h-
ea

st
er

ly
 t

re
nd

in
g 

E
ya

si
 R

ift
 V

al
le

y,
 t

he
 f

lo
o

r 
of

 w
hi

ch
 is

 a
t

c.
 3

,3
80

 f
ee

t. 
T

he
 n

or
th

-w
e

st
 w

al
l o

f 
th

is
 r

ift
 v

a
lle

y 
is

 f
o

rm
ed

 b
y 

a 
lin

e 
of

 e
ro

de
d 

cl
iff

s 
w

h
ic

h 
ris

e 
1,

50
0 

to
 2

,8
00

 f
e

et
 a

bo
ve

 t
he

 v
a

lle
y-

flo
or

. I
n

 th
e 

so
u

th
-w

e
st

 c
or

ne
r 

of
 t

he
 a

re
a 

is
 t

he
 u

pl
ift

e
d 

bl
o

ck
 o

f 
Le

ru
dj

or
ud

 (
6

,3
00

 f
ee

t)
. 

N
or

th
 o

f t
h

e 
Le

ru
d

jo
ru

d-
K

a
de

t-
S

e
re

 a
re

a
 a

re

th
e 

ge
nt

ly
 r

ol
lin

g 
gr

a
ss

la
nd

s 
o

f 
th

e 
so

u
th

-w
e

st
er

n 
S

er
en

g
et

i 
P

la
in

s.
 T

he
se

 p
la

in
s 

h
av

e 
an

 a
lti

tu
de

 o
f 

5
,0

00
 t

o 
5,

50
0

 f
ee

t 
an

d 
sw

in
g

ar
ou

n
d 

th
e 

no
rt

he
rn

 fo
ot

 o
f 

Le
m

ag
ar

ut
 to

 th
e

 s
m

al
l r

ift
 d

ep
re

ss
io

n 
of

 O
lb

al
ba

l (
4.

50
0 

fe
et

).

T
he

 a
re

a 
is

 o
ne

 o
f 

in
te

rn
al

 d
ra

in
ag

e.
 S

tr
ea

m
s 

in
 t

he
 s

ou
th

er
n 

h
al

f 
of

 t
he

 s
he

et
 d

ra
in

 i
nt

o 
La

ke
 E

ya
si

 w
h

ils
t 

m
os

t 
of

 t
ho

se
 i

n 
th

e

no
rt

he
rn

 h
al

f 
flo

w
 i

nt
o 

O
lb

al
b

al
. 

S
tr

ea
m

s 
on

 t
he

 n
or

th
-e

as
t 

sl
op

es
 o

f 
O

ld
ea

ni
 f

lo
w

 i
nt

o 
th

e 
N

go
ro

ng
or

o 
C

al
de

ra
. 

T
he

 M
a

la
nj

a

D
ep

re
ss

io
n 

(c
. 6

,7
00

 fe
et

) 
is

 th
e 

ba
se

 le
ve

l f
o

r 
a 

sm
al

l a
re

a 
o

f a
bo

ut
 1

6
 s

qu
ar

e 
m

ile
s.

S
o

ut
h-

ea
st

 o
f 

th
e

 g
ra

ss
la

nd
s,

 t
he

 l
ow

er
 s

lo
pe

s 
of

 t
he

 v
ol

ca
no

e
s 

an
d 

th
e 

S
e

re
-L

er
ud

jo
ru

d 
ar

e
a 

ar
e 

ch
ar

ac
te

ri
ze

d 
by

A
ca

ci
a-

C
om

m
ip

ho
ra

bu
sh

.
G

re
w

ia
is

 a
ss

oc
ia

te
d 

w
ith

 A
ca

ci
a 

in
 t

he
 E

ya
si

 r
ift

 v
al

le
y.

 S
ta

nd
s 

of
 B

or
as

su
s 

pa
lm

s 
ar

e
 f

ou
nd

 o
n 

th
e 

n
or

th
-e

as
t

sh
or

e 
of

 L
a

ke
 E

ya
si

. A
ca

ci
a 

la
ha

i f
or

m
s 

a 
fo

re
st

 b
e

lo
w

 L
or

on
ya

, 
to

 t
he

 w
es

t 
of

 L
em

ag
ar

ut
, 

a
nd

 s
m

al
l p

at
ch

es
 o

f 
m

is
t-

fo
re

st
 o

cc
u

r 
o

n

Lo
ro

n
ya

, 
Le

m
a

ga
ru

t 
an

d
 S

ad
im

an
. 

M
ou

n
ta

in
 g

ra
ss

la
nd

 d
om

in
at

es
 t

h
e 

Le
m

as
ig

io
-O

la
iro

bi
-N

go
ro

ng
or

o
-M

a
la

nj
a 

ar
ea

 a
nd

 A
rt

em
e

si
a

oc
cu

rs
 lo

ca
lly

 o
n 

th
e 

hi
gh

es
t 

su
m

m
its

. 
O

n
 O

ld
ea

ni
, 

th
e 

ea
st

 s
id

e 
ab

ov
e 

c.
 5

,7
50

 f
ee

t, 
th

e 
so

ut
h 

si
de

 a
bo

ve
 c

. 
6,

50
0 

fe
et

 a
nd

 t
h

e 
w

al
ls

of
 th

e 
br

ea
ch

ed
 c

ra
te

r 
ar

e 
cl

ot
he

d
 in

 m
is

t-
fo

re
st

 a
nd

 b
a

m
bo

o-
fo

re
st

. B
el

ow
 th

e 
fo

re
st

-li
n

e 
is

 a
 s

m
al

l a
re

a 
o

f a
lie

na
te

d 
fa

rm
la

n
d

.

G
E

O
L

O
G

Y

C
R

Y
S

TA
LL

IN
E

 R
O

C
K

S

G
ne

is
se

s 
an

d 
sc

hi
st

s
cr

op
 o

ut
 in

 t
he

 r
eg

io
n 

of
 t

he
 E

ya
si

 r
ift

 s
ca

rp
. 

H
or

nb
le

nd
e 

an
d 

b
io

tit
e 

gn
ei

ss
es

 a
re

 t
he

 d
om

in
an

t 
ro

ck
-t

yp
es

 w
ith

m
in

o
r, 

in
te

rb
ed

d
ed

 m
ic

a 
sc

hi
st

s,
 h

or
n

bl
e

nd
e 

sc
hi

st
s 

an
d 

ho
rn

bl
e

nd
e-

g
a

rn
e

t 
sc

hi
st

s.
 I

n 
th

e 
e

as
t 

th
e 

gn
ei

ss
es

 a
re

 m
ig

m
at

iti
c 

an
d

 s
ho

w

ve
in

in
g,

 l
it-

pa
r-

lit
 a

nd
 o

th
er

 i
nj

ec
tio

n 
st

ru
ct

ur
es

. 
In

 t
he

 w
es

t 
m

or
e 

ne
bu

lit
ic

 q
ua

rt
zo

-f
el

ds
pa

th
ic

 g
n

ei
ss

es
 a

re
 f

ou
n

d.
 T

he
se

 r
oc

ks
 a

re

fr
eq

ue
nt

ly
 p

or
ph

yr
ob

la
st

ic
. L

oc
al

ly
, q

u
ar

tz
ite

s 
ar

e 
in

te
rb

ed
de

d
 w

ith
 t

he
 g

ne
is

se
s.

T
he

 s
ch

is
ts

 a
n

d 
gn

e
is

se
s 

ar
e 

is
oc

lin
al

ly
 f

ol
d

ed
 a

n
d 

ge
n

er
al

ly
 d

ip
 t

o 
th

e 
ea

st
 a

t 
an

g
le

s 
e

xc
ee

di
ng

 5
0°

. 
F

ol
d-

a
xe

s 
an

d 
lin

ea
tio

n
s 

ar
e

so
m

ew
ha

t v
ar

ia
bl

e 
in

 d
ire

ct
io

n 
bu

t f
re

qu
en

tly
 p

lu
ng

e 
sl

ig
ht

ly
 e

as
t o

f n
or

th
 a

t l
ow

 a
n

gl
es

.

S
m

a
ll 

in
lie

rs
 o

f 
th

e 
g

ne
is

se
s 

an
d

 q
u

ar
tz

ite
s 

oc
cu

r 
on

 t
he

 S
e

re
ng

e
ti 

P
la

in
s.

 M
ig

m
at

iti
c 

b
io

tit
e 

an
d 

ho
rn

bl
en

de
 g

ne
is

se
s 

w
hi

ch
 c

ro
p

 o
u

t

in
 th

e 
M

an
go

la
 a

re
a 

be
lo

ng
 r

eg
io

na
lly

 to
 th

e 
M

bu
lu

 H
ig

hl
an

ds
, w

h
ic

h 
lie

 to
 th

e 
so

ut
h-

ea
st

 o
f t

he
 s

he
et

.

G
ra

ni
te

s 
an

d 
gr

an
od

io
rit

es
 a

re
 f

ou
nd

 o
n

 L
er

ud
jo

ru
d.

 B
io

tit
e 

an
d

 h
or

n
bl

en
de

 a
re

 t
he

 u
su

al
 a

cc
es

so
ry

 m
in

er
al

s.
 F

lo
w

 s
tr

uc
tu

re
s 

a
re

so
m

et
im

es
 a

pp
ar

en
t a

nd
 th

e 
ro

ck
s 

a
re

 o
cc

as
io

na
lly

 x
en

o
lit

hi
c 

an
d 

st
re

a
ky

. P
eg

m
at

ite
s 

ar
e 

co
m

m
on

 b
ut

 a
re

 n
ot

 in
di

ca
te

d 
on

 th
e 

m
a

p
;

dy
ke

s 
an

d 
ve

in
s 

o
f 

ap
lit

e 
or

 m
ic

ro
-g

ra
ni

te
 o

cc
ur

 l
es

s 
fr

e
qu

en
tly

. 
T

he
 r

oc
ks

 a
re

 g
en

er
al

ly
 s

he
ar

e
d 

an
d

 t
he

 d
ev

el
o

pm
en

t 
of

 l
ar

ge

fe
ld

sp
ar

 p
or

ph
yr

ob
la

st
s 

in
di

ca
te

s 
th

at
 th

e 
sh

ea
rin

g 
w

as
 fo

llo
w

e
d 

by
 a

 p
ha

se
 o

f p
ot

as
h 

m
et

as
om

at
is

m
.

C
at

ac
la

st
ic

 r
o

ck
s 

cr
op

 o
ut

 w
es

t 
of

 t
he

 K
ak

e
ss

io
 R

iv
er

 a
nd

 g
iv

e
 r

is
e 

to
 r

ou
nd

ed
, 

gr
as

sy
 h

ill
s.

 T
he

y 
fo

rm
 a

 b
el

t, 
tr

en
di

ng
 n

o
rt

h
-n

or
th

-

w
es

t,
 w

hi
ch

 s
ep

ar
at

es
 t

h
e 

gr
an

ite
s 

fr
om

 t
h

e 
gn

ei
ss

es
. 

M
yl

on
ite

s 
a

nd
 a

ug
en

 g
ne

is
se

s 
oc

cu
r 

to
ge

th
er

 w
ith

 a
ct

in
ol

ite
 a

n
d 

ac
tin

ol
ite

-

ep
id

ot
e 

sc
hi

st
. 

Lo
ca

lly
, 

qu
ar

tz
-e

p
id

o
te

 s
ch

is
ts

 w
ith

 c
at

a
cl

as
tic

 t
e

xt
ur

es
 h

av
e 

be
en

 f
ou

nd
. 

M
et

a
-d

ol
er

ite
s,

 s
tr

ik
in

g 
no

rt
h-

ea
st

, 
cu

t 
th

e

gr
an

ite
s 

an
d 

th
e

 g
ne

is
se

s 
an

d 
ar

e 
co

nv
er

te
d 

in
to

 h
or

nb
le

nd
e 

sc
h

is
ts

 a
s 

th
e 

zo
ne

 o
f 

ca
ta

cl
as

is
 i

s 
a

pp
ro

a
ch

ed
. 

S
im

ila
rly

, 
th

e 
sc

h
is

ts

in
te

rb
ed

d
ed

 w
ith

 t
he

 g
ne

is
se

s 
be

co
m

e 
ac

tin
ol

iti
c.

 T
h

e 
sh

ea
rin

g 
af

fe
ct

s 
bo

th
 t

he
 g

ra
n

ite
s 

an
d 

gn
ei

ss
es

 w
hi

ch
 f

or
m

ed
 r

ig
id

 m
as

se
s 

at

th
e 

tim
e 

of
 th

e 
ca

ta
cl

as
is

.

V
O

LC
A

N
IC

 R
O

C
K

S

T
he

 v
ol

ca
ni

c 
ro

ck
s 

of
 t

he
 a

re
a 

ar
e 

al
ka

lin
e 

an
d

 b
e

lo
n

g 
to

 t
he

 o
liv

in
e 

ba
sa

lt-
tr

ac
hy

te
-p

h
on

ol
ite

 a
ss

oc
ia

tio
n.

 A
n 

ol
d

er
 a

nd
 a

 y
o

u
ng

e
r

gr
ou

p
 o

f 
ex

tr
us

iv
e 

ro
ck

s 
ha

ve
 b

e
en

 r
ec

og
ni

ze
d.

 T
he

 o
ld

er
 e

xt
ru

si
ve

s 
w

er
e 

er
u

pt
ed

 f
ro

m
 t

he
 v

ol
ca

no
es

 L
em

a
ga

ru
t,

 O
ld

ea
n

i, 
a

nd

N
go

ro
ng

or
o

 a
n

d 
in

cl
ud

e 
m

a
in

ly
 b

as
al

tic
 a

nd
 t

ra
ch

yt
ic

 l
av

as
 w

ith
 s

u
bo

rd
in

at
e

 p
yr

o
cl

as
tic

s.
 T

he
 y

ou
ng

er
 e

xt
ru

si
ve

s 
po

st
-d

at
e 

fa
u

lti
ng

of
 th

e 
ol

de
r 

ex
tr

us
iv

es
 a

nd
 c

om
pr

is
e 

th
e 

p
yr

oc
la

st
ic

s 
an

d 
la

va
s 

o
f t

he
 s

m
al

l v
ol

ca
no

 S
ad

im
an

.

P
yr

o
cl

as
tic

 r
oc

ks
 u

nd
er

lie
 o

ld
er

 e
xt

ru
si

ve
 l

av
as

 i
n 

th
e

 E
nd

ul
e

n 
ar

ea
 a

n
d 

co
m

p
ris

e 
su

ba
er

ia
l 

an
d 

flu
vi

a
l 

tu
ffs

. 
U

su
al

ly
 o

f 
sa

nd
-g

ra
d

e,

th
e 

tu
ffs

 a
re

 i
nt

er
be

dd
e

d 
w

ith
 v

ol
ca

ni
c 

co
ng

lo
m

e
ra

te
s 

co
nt

a
in

in
g 

ro
un

de
d 

a
nd

 s
ub

-r
ou

n
de

d 
p

eb
bl

es
 o

f 
la

va
, 

tu
ff 

an
d 

ag
gl

om
er

at
e.

S
u

ch
 c

on
gl

om
er

at
es

 fr
eq

ue
nt

ly
 fi

ll 
w

as
ho

ut
s 

cu
t i

n 
th

e
 tu

ffs
. L

oc
al

ly
, n

e
ph

el
in

ite
s 

ar
e

 a
ss

oc
ia

te
d 

w
ith

 th
e 

tu
ffs

.

T
he

 la
va

s 
of

 t
he

 t
hr

ee
 v

ol
ca

no
e

s 
Le

m
a

ga
ru

t, 
O

ld
ea

ni
 a

nd
 N

go
ro

ng
o

ro
 c

a
n 

be
 c

on
si

de
re

d 
to

ge
th

e
r. 

It 
is

 n
ot

 p
os

si
bl

e 
on

 t
he

 s
ca

le
 o

f

m
ap

pi
ng

 t
o

 m
ap

 a
nd

 c
or

re
la

te
 i

nd
iv

id
u

al
 f

lo
w

s.
 A

lth
ou

g
h 

th
e 

la
va

s 
of

 t
he

 o
ld

e
r 

ex
tr

us
iv

es
 g

en
er

al
ly

 d
ip

 r
ad

ia
lly

 o
ut

w
ar

ds
 f

ro
m

 t
he

th
re

e 
vo

lc
an

ic
 c

en
tr

es
, 

th
e 

d
ip

s 
a

nd
 f

lo
w

 d
ir

ec
tio

ns
 h

av
e 

so
m

et
im

es
 b

ee
n 

af
fe

ct
ed

 b
y 

fa
u

lti
ng

 a
nd

 i
t 

is
 t

hu
s 

no
t 

al
w

ay
s 

po
ss

ib
le

 t
o

as
si

g
n 

a 
gi

ve
n 

la
va

 t
o 

a 
pa

rt
ic

ul
a

r 
vo

lc
an

o
. 

B
a

sa
lti

c 
la

va
s 

ar
e 

co
m

m
on

es
t 

an
d 

sh
ow

 a
 g

re
at

 d
ea

l 
of

 v
ar

ia
tio

n 
in

 m
in

er
al

og
y 

an
d

te
xt

u
re

. 
O

liv
in

e 
ba

sa
lt 

is
 f

re
qu

en
tly

 e
nc

ou
nt

er
ed

 a
nd

 u
su

al
ly

 f
or

m
s 

th
e 

flo
w

s 
w

hi
ch

 h
av

e 
tr

av
el

le
d

 f
ar

th
es

t. 
M

an
y 

of
 t

h
e 

la
va

s 
w

ea
th

er

to
 a

 g
re

y 
co

lo
ur

 a
nd

 s
ho

w
 p

he
no

cr
ys

ts
 o

f 
fe

ld
sp

ar
 a

n
d/

or
 a

ug
ite

. 
O

liv
in

e 
is

 a
 c

om
m

on
 c

o
ns

tit
ue

n
t 

of
 t

he
se

 g
re

y 
ro

ck
s,

 w
h

ic
h

fr
eq

ue
nt

ly
 

sh
ow

 
tr

a
ch

yt
ic

 
te

xt
ur

es
 

a
nd

 
flo

w
 

ba
nd

in
g.

 
P

en
di

ng
 

de
ta

ile
d

 
pe

tr
og

ra
ph

ic
 

w
or

k 
th

es
e 

la
va

s 
ha

ve
 

be
en

 
te

rm
e

d

un
di

ffe
re

nt
ia

te
d 

ba
sa

lts
, 

th
ou

gh
 r

a
re

 a
nd

es
iti

c 
va

rie
tie

s 
ha

ve
 b

ee
n 

re
co

gn
iz

e
d 

ne
ar

 E
n

du
le

n.
 T

ra
ch

yt
e

s 
ar

e 
co

m
m

on
 o

n 
th

e 
fla

nk
s 

of

N
go

ro
ng

or
o

. 
T

h
in

 d
ev

el
op

m
en

ts
 o

f 
tu

ffs
 a

nd
 a

g
gl

o
m

er
at

e
s 

ar
e

 i
nt

e
rb

ed
de

d 
w

ith
 t

he
 l

av
as

. 
S

co
ria

 i
s 

so
m

et
im

es
 a

ss
o

ci
at

ed
 w

ith
 t

h
e

flo
w

s 
a

nd
 i

s 
co

m
m

on
 a

t 
th

e 
fo

ot
 o

f 
th

e
 N

go
ro

ng
or

o 
C

a
ld

e
ra

 w
al

l 
ne

ar
 S

en
et

o 
sp

rin
gs

. 
S

m
al

l 
sc

or
ia

 c
on

e
s 

a
re

 o
fte

n 
as

so
ci

at
ed

 w
ith

fa
ul

tin
g.

 N
ep

he
lin

ite
 c

ro
ps

 o
ut

 n
ea

r 
th

e 
so

ut
h-

ea
st

 c
or

ne
r 

of
 L

ak
e 

E
ya

si
 a

nd
 ig

ni
m

br
ite

 o
cc

ur
s 

lo
ca

lly
 in

 t
he

 w
es

t 
w

al
l o

f 
O

lb
a

lb
al

 a
nd

in
 th

e 
ex

tr
em

e 
so

ut
h-

ea
st

 c
o

rn
er

 o
f t

he
 s

he
e

t.

S
a

di
m

a
n 

is
 a

 s
m

a
ll 

vo
lc

an
o 

m
ad

e 
u

p 
la

rg
e

ly
 o

f 
n

ep
he

lin
iti

c 
tu

ffs
 a

nd
 a

gg
lo

m
e

ra
te

s 
w

ith
 s

ub
si

di
a

ry
 l

a
va

 f
lo

w
s.

 N
ep

he
lin

ite
s 

an
d

ph
on

ol
ite

s 
ca

p 
a 

pr
om

in
en

t 
rid

ge
 o

n 
th

e 
so

ut
h-

ea
st

 s
id

e 
of

 th
e

 v
ol

ca
no

.

D
ur

in
g 

th
e 

pe
ri

o
d 

o
f 

w
an

in
g 

vo
lc

an
ic

ity
 t

he
 O

ld
uv

a
i 

La
ke

 B
ed

s 
a

nd
 t

he
 e

qu
iv

a
le

nt
 s

ub
ae

ri
al

 a
nd

 f
lu

vi
al

 t
uf

fs
 (

e
.g

., 
th

e 
La

ito
le

 B
ed

s)

w
er

e 
de

p
os

ite
d.

 I
t 

m
ay

 b
e 

n
ot

ed
 t

ha
t 

th
e 

ty
pe

-a
re

a 
of

 t
he

 L
ai

to
le

 B
ed

s 
is

 in
 th

e 
E

ng
ar

us
i V

al
le

y 
w

es
t 

of
 E

nd
ul

en
 a

nd
 n

ot
 a

t 
th

e
 L

ai
to

le

sp
rin

g
s,

 a
bo

ut
 8

 m
ile

s 
so

ut
h-

w
es

t o
f E

n
du

le
n.

 A
fte

r 
a 

pe
rio

d 
of

 m
in

or
, m

id
-P

le
is

to
ce

ne
 fa

ul
tin

g 
an

d 
er

os
io

n,
 th

e
 b

ro
w

n 
an

d 
ca

lc
a

re
ou

s

tu
ffs

 w
hi

ch
 c

ov
er

 t
h

e 
S

e
re

ng
e

ti 
P

la
in

s 
w

er
e 

de
po

si
te

d 
su

ba
er

ia
lly

 f
ro

m
 a

 c
en

tr
e 

ou
ts

id
e 

th
e 

sh
ee

t. 
A

t 
th

e 
no

rt
h-

w
e

st
 f

oo
t 

of

Le
ru

d
jo

ru
d 

th
es

e 
py

ro
cl

as
tic

 r
oc

ks
 a

re
 in

te
rb

ed
d

ed
 w

ith
 e

lu
vi

al
 s

an
ds

. 
Li

th
ol

og
ic

al
 v

ar
ia

tio
n

s 
of

 th
es

e
 tu

ffs
 in

cl
ud

e 
a 

lo
ca

l b
ou

ld
er

-b
ed

fa
ci

es
 in

 th
e 

w
es

t w
al

l o
f O

lb
a

lb
al

 a
nd

 a
 b

re
cc

ia
-f

ac
ie

s 
at

 th
e

 fo
ot

 o
f 

th
e 

w
es

t w
al

l o
f t

he
 N

go
ro

n
go

ro
 C

al
de

ra
.

S
U

P
E

R
F

IC
IA

L 
D

E
P

O
S

IT
S

R
ed

-b
ro

w
n

, 
ea

rt
h

y 
tu

ffs
 a

re
 f

ou
nd

 o
n 

th
e

 s
ou

th
-w

e
st

er
n 

an
d

 s
ou

th
er

n 
fla

n
ks

 o
f 

Le
m

ag
ar

ut
. 

T
he

se
 t

uf
fs

 s
h

ow
 a

 lo
ca

l g
ra

ve
l f

ac
ie

s 
in

th
e 

de
e

pl
y 

er
od

ed
 v

al
le

ys
 s

ou
th

 o
f 

S
ad

im
an

. 
T

he
 t

uf
fs

 w
ea

th
er

 t
o 

a 
re

dd
is

h 
so

il 
w

h
ic

h 
is

 t
yp

ic
al

ly
 d

ev
el

o
pe

d 
in

 t
he

 O
la

iro
b

i a
re

a.
 I

n

th
e 

La
ita

ki
ta

i 
V

al
le

y 
be

lo
w

 t
h

e 
su

m
m

it 
of

 L
em

ag
ar

ut
, 

th
e 

tu
ff 

ca
nn

ot
 b

e
 d

iff
er

en
tia

te
d 

fr
o

m
 a

 r
ed

 s
oi

l 
w

hi
ch

 i
s 

p
ro

ba
b

ly
 d

er
iv

ed
. 

T
he

re
d 

so
ils

 o
n 

th
e

 s
ou

th
er

n
 fl

an
ks

 o
f O

ld
e

an
i a

re
 p

ro
ba

b
ly

 d
er

iv
e

d 
so

ils
.

N
um

er
ou

s 
d

el
ta

 f
an

s 
h

av
e

 b
ee

n 
bu

ilt
 u

p 
ar

o
un

d 
th

e 
e

dg
es

 o
f 

th
e 

E
ya

si
 r

ift
 v

al
le

y.
 T

he
 f

an
s 

at
 t

h
e 

fo
ot

 o
f 

O
ld

ea
ni

 c
oa

le
sc

e 
an

d
 f

o
rm

sp
re

ad
s 

o
f 

sa
nd

 a
nd

 g
ra

ve
l 

w
hi

ch
 b

e
co

m
e

 f
in

er
 i

n 
gr

ad
e 

a
s 

th
e 

la
ke

 i
s 

ap
pr

oa
ch

ed
. 

T
w

o 
st

re
am

s 
ha

ve
 e

ro
de

d 
th

es
e 

de
po

si
ts

 a
nd

bu
ilt

 u
p 

sm
al

l 
de

lta
 f

an
s 

up
o

n 
th

e
m

. 
S

im
ila

r 
de

p
os

its
 a

re
 f

o
un

d
 i

n 
th

e 
M

ba
ra

i 
ar

e
a 

in
 t

he
 s

ou
th

-e
as

t, 
w

he
re

 g
ra

ve
ls

, 
al

lu
vi

al
 a

nd

el
uv

ia
l 

sa
n

ds
 a

nd
 s

ilt
s,

 w
hi

ch
 r

ep
re

se
nt

 t
he

 f
in

al
 s

ta
ge

 i
n 

th
e

 i
n

fil
lin

g 
of

 o
ld

 l
ak

e 
ba

si
ns

, 
co

ve
r 

an
 a

re
a 

of
 c

. 
27

 s
qu

ar
e 

m
ile

s.
 D

el
ta

fa
ns

 a
re

 f
ou

nd
 a

lo
ng

 t
h

e 
no

rt
he

rn
 f

oo
t 

of
 L

e
m

ag
ar

ut
 a

nd
 in

 s
ou

th
e

rn
 O

lb
al

ba
l. 

S
tr

e
am

s 
w

h
ic

h 
de

ri
ve

 lo
ad

s 
fr

om
 t

he
 n

or
th

-e
a

st
 f

la
nk

s

of
 O

ld
ea

n
i, 

h
av

e 
b

ui
lt 

up
 c

oa
le

sc
e

nt
 d

el
ta

 fa
ns

 in
 th

e 
N

g
or

on
g

o
ro

 C
al

d
er

a.

S
cr

e
es

 a
re

 f
ou

nd
 lo

ca
lly

 a
t 

th
e 

fo
o

t o
f t

h
e 

E
ya

si
 s

ca
rp

 o
cc

ur
ri

ng
 b

el
ow

 L
er

ud
jo

ru
d 

an
d

 n
or

th
-e

as
t o

f O
lp

iro
. 

La
ke

 b
ed

s 
o

f a
 s

a
n

dy
 c

la
y

gr
ad

e
 c

ro
p 

ou
t 

al
o

ng
 t

he
 f

oo
t 

of
 t

h
e 

ce
nt

ra
l 

pa
rt

 o
f 

th
e 

sc
ar

p.
 T

he
y 

ar
e 

ve
ry

 e
ro

d
ed

 a
nd

 m
os

t 
of

 t
he

ir 
ou

tc
ro

p 
is

 c
ov

er
ed

 b
y 

sm
al

l

du
ne

s 
of

 w
in

d-
bl

o
w

n 
sa

nd
s 

an
d 

si
lts

.

La
ke

 E
ya

si
 i

s 
a 

sh
al

lo
w

, 
se

as
on

al
 l

ak
e.

 W
he

n 
it 

dr
ie

s 
o

ut
 a

 m
ix

tu
re

 o
f 

m
ud

 a
nd

 s
al

ts
 i

s 
le

ft.
 T

he
 s

a
lts

 a
re

 m
a

in
ly

 s
od

iu
m

 c
ar

bo
n

at
e

an
d 

so
di

um
 c

hl
or

id
e 

an
d

 l
oc

al
ly

 t
he

y 
m

a
y 

fo
rm

 a
 t

h
in

 c
ru

st
. 

M
as

ek
 i

n 
th

e 
ex

tr
em

e
 n

or
th

-w
es

t 
is

 a
 s

m
al

l 
sa

lt 
la

ke
. 

A
llu

vi
um

 i
s 

fo
u

n
d

al
on

g 
m

an
y 

o
f 

th
e 

st
re

am
s 

on
 t

he
 n

or
th

-w
es

te
rn

 p
la

in
s.

 F
lu

vi
al

 g
ra

ve
ls

 o
n 

th
e 

O
lk

e
ju

 N
yi

ro
 h

av
e 

yi
el

d
ed

 L
e

va
llo

is
-t

yp
e 

co
re

s 
a

nd

fla
ke

s.

A
 m

ou
n

d 
fie

ld
 in

 t
he

 N
g

or
on

g
or

o 
C

al
de

ra
 w

a
s 

fo
rm

ed
 a

s 
th

e 
re

su
lt 

of
 a

 la
ha

r 
an

d 
th

er
e 

is
 e

vi
de

nc
e 

of
 a

 f
ai

rly
 r

ec
en

t 
la

nd
sl

id
e

 o
n 

th
e

no
rt

he
rn

 s
lo

pe
s 

of
 O

ld
ea

ni
.

FA
U

LT
IN

G

T
he

 a
re

a 
lie

s 
in

 a
 r

e
gi

o
n 

ch
a

ra
ct

er
iz

ed
 b

y 
bl

o
ck

 f
au

lti
n

g 
an

d 
vo

lc
an

oe
s.

 T
he

 m
ai

n 
st

ru
ct

ur
al

 f
ea

tu
re

 i
s 

th
e 

E
ya

si
 R

ift
 S

ca
rp

 a
lo

ng

w
hi

ch
 a

 m
in

im
um

 t
hr

ow
 o

f 
c.

 3
,0

00
 f

e
et

 is
 in

di
ca

te
d

 in
 t

he
 M

ak
a

t 
ar

ea
 a

t 
th

e 
so

ut
he

rn
 e

dg
e 

of
 t

h
e 

sh
e

et
. 

N
ea

r 
O

lp
iro

, 
la

va
s 

a
nd

 t
uf

fs

fr
om

 L
em

ag
a

ru
t 

fil
l a

n 
ol

d 
va

lle
y 

er
od

ed
 in

 t
he

 s
ca

rp
 a

nd
 f

ur
th

er
 n

or
th

-e
as

t 
th

e 
sc

ar
p 

is
 b

ur
ie

d
 b

y 
la

va
s 

fr
om

 L
e

m
ag

ar
ut

 o
r 

O
ld

ea
ni

.

T
hi

s 
er

od
ed

 f
au

lt 
sc

ar
p

 i
s 

th
us

 o
ld

er
 t

ha
n 

th
e

 v
ol

ca
n

oe
s.

 T
he

 a
g

e 
o

f 
th

e
 E

ya
si

 r
ift

 f
au

lti
ng

 a
n

d 
th

e 
on

se
t 

of
 t

he
 v

ol
ca

n
ic

ity
 i

s 
no

t

kn
ow

n.
 It

 m
ay

 b
eT

er
tia

ry
, l

at
e 

C
re

ta
ce

ou
s,

 o
r 

ev
en

 o
ld

er
.

A
 s

er
ie

s 
of

 f
a

ul
ts

, 
tr

en
di

ng
 n

or
th

 o
r 

no
rt

h-
ea

st
, 

cu
ts

 t
h

e 
ol

de
r 

vo
lc

an
oe

s.
 M

os
t 

of
 t

he
se

 f
au

lts
 a

pp
ea

r 
to

 b
e 

br
oa

dl
y 

co
n

te
m

po
ra

ne
ou

s

w
ith

 t
he

 f
o

rm
at

io
n 

of
 t

he
 m

ai
n 

G
re

go
ry

 R
ift

 V
al

le
y 

w
hi

ch
 l

ie
s 

so
m

e 
tw

en
ty

 o
r 

th
irt

y 
m

ile
s 

to
 t

he
 e

a
st

 o
f 

th
e 

sh
ee

t. 
T

he
 N

go
ro

ng
o

ro

C
al

de
ra

 w
as

 p
ro

b
ab

ly
 f

or
m

e
d 

a
t 

th
is

 t
im

e.
 O

ne
 o

f 
th

e 
fa

ul
ts

 f
or

m
s 

th
e 

no
rt

he
rn

 w
a

ll 
o

f 
th

e 
M

a
la

n
ja

 D
ep

re
ss

io
n 

an
d 

pr
e-

da
te

s 
th

e

bu
ild

in
g 

up
 o

f 
th

e 
co

ne
 o

f 
S

ad
im

an
. A

 n
or

th
-t

re
nd

in
g 

fa
ul

t 
on

 t
he

 s
o

ut
he

rn
 f

la
nk

s 
o

f 
O

ld
ea

ni
 b

lo
ck

ed
 t

he
 d

ra
in

ag
e 

to
 L

ak
e 

E
ya

si
 a

n
d

ca
us

ed
 t

he
 f

or
m

at
io

n 
of

 a
 l

a
ke

 i
n

 t
he

 M
ba

ra
i 

ar
ea

. 
T

he
 o

ve
rf

lo
w

 f
ro

m
 t

hi
s 

la
ke

 c
ut

 t
he

 g
o

rg
e 

w
hi

ch
 i

s 
n

ow
 f

o
llo

w
ed

 b
y 

th
e 

M
ba

ra
i

R
iv

er
.

T
he

 y
o

un
ge

st
 f

a
ul

t 
m

ov
em

en
ts

, 
w

hi
ch

 g
av

e 
ris

e
 t

o 
th

e 
O

lb
al

ba
l 

D
e

pr
es

si
on

, 
af

fe
ct

ed
 t

he
 O

ld
uv

ai
 L

ak
e 

B
e

ds
 a

nd
 a

re
 o

f 
m

id
dl

e

P
le

is
to

ce
ne

 a
g

e.
 T

hi
s 

la
te

 f
au

lti
ng

 w
as

 p
ro

ba
bl

y 
ca

u
se

d 
by

 a
 s

a
gg

in
g 

of
 t

he
 v

ol
ca

ni
c 

pi
le

 a
ga

in
st

 a
 r

ig
id

 b
lo

ck
 o

f 
ol

de
r 

cr
ys

ta
lli

n
e

ro
ck

s 
w

hi
ch

 u
nd

er
lie

s 
th

e 
S

er
en

ge
ti 

P
la

in
.

E
C

O
N

O
M

IC
 G

E
O

LO
G

Y

W
at

e
r-

su
pp

ly
.—

 M
os

t o
f t

he
 s

tr
ea

m
s 

ar
e 

ep
h

em
er

al
. S

ur
fa

ce
 s

up
pl

ie
s 

ha
ve

, h
ow

e
ve

r, 
be

en
 d

ev
el

op
ed

 o
n 

th
e 

no
rt

h-
w

e
st

er
n 

pl
ai

n
s 

b
y

m
ea

ns
 o

f 
sm

al
l 

da
m

s 
an

d 
“h

af
ir

s"
. 

P
er

en
ni

al
 s

pr
in

gs
 a

nd
 s

tr
ea

m
s 

of
 f

re
sh

 w
a

te
r 

ar
e

 f
ou

nd
 a

t 
M

an
go

la
, 

th
e 

O
lo

bu
sa

re
 a

bo
ve

E
n

da
m

ag
ai

 a
t 

th
e 

n
or

th
-e

as
t 

e
nd

 o
f 

L
ak

e 
E

ya
si

, 
in

 t
he

 E
nd

ul
en

-S
ir

w
a-

O
lp

iro
 a

re
a

, 
an

d 
a

t 
Lo

ro
ny

a 
an

d 
La

ito
le

. 
T

h
e 

sp
ri

ng
 li

ne
 a

lo
ng

th
e 

no
rt

h-
ea

st
 s

ho
re

 o
f 

La
ke

 E
ya

si
 y

ie
ld

s 
w

a
te

r 
of

 v
ar

ia
bl

e 
sa

lin
ity

, 
bu

t 
it 

is
 g

en
er

al
ly

 p
ot

ab
le

 f
or

 s
to

ck
. 

T
he

 i
nf

ilt
ra

tio
n 

a
re

a
s 

fo
r 

al
l

th
es

e
 s

up
pl

ie
s 

ar
e 

th
e 

hi
gh

er
 f

or
es

te
d 

sl
op

es
 o

f 
Le

m
ag

a
ru

t 
an

d 
O

ld
e

an
i. 

S
m

al
l b

ut
 im

po
rt

an
t 

su
pp

lie
s 

of
 b

ra
ck

is
h 

w
at

e
r 

(p
ot

ab
le

 f
o

r

st
oc

k)
 a

re
 f

ou
nd

 a
t 

Ilj
or

o 
E

se
re

, 
in

 t
he

 K
a

de
t 

ar
ea

 a
nd

 a
t 

E
re

m
et

 i
n

 t
he

 n
or

th
-w

es
t 

co
rn

er
 o

f 
th

e 
sh

e
et

. 
Tw

o 
bo

re
h

ol
es

 h
av

e 
be

e
n

su
nk

 n
ea

r 
K

ak
es

si
o*

, 
th

e 
no

rt
he

rn
 o

ne
 is

 d
ry

 a
nd

 t
he

 s
ou

th
er

n 
o

ne
 y

ie
ld

ed
 6

00
 g

al
lo

ns
 p

er
 h

ou
r 

fr
om

 a
 f

a
ul

t 
zo

ne
 in

 t
he

 P
re

ca
m

br
ia

n

ro
ck

s.

M
ic

a.
—

 S
m

al
l b

oo
ks

 o
f 

br
ow

n 
m

ic
a

 a
re

 a
ss

oc
ia

te
d 

w
ith

 a
 p

eg
m

at
ite

 s
itu

at
ed

 a
bo

u
t 

fo
u

r 
m

ile
s 

no
rt

h-
e

as
t 

of
 M

an
go

la
. T

he
 o

cc
ur

re
n

ce

is
 u

nl
ik

el
y 

to
 b

e 
of

 e
co

no
m

ic
 s

ig
ni

fic
an

ce
.

R
oa

ds
to

ne
.—

B
as

al
ts

 a
re

 r
ea

di
ly

 a
va

ila
bl

e 
in

 t
h

e 
vo

lc
an

ic
 a

re
as

. 
S

co
ri

a 
is

 c
om

m
on

 l
oc

al
ly

 a
n

d 
of

te
n

 u
se

fu
l 

fo
r 

th
e 

m
ak

in
g 

of
 a

ll-

w
ea

th
er

 e
ar

th
 r

oa
ds

.

* 
K

ak
e

ss
io

: s
e

ttl
em

en
t l

ie
s 

a
bo

u
t 1

 M
ile

 W
 o

f 
th

e
 s

he
e

t e
dg

e
.

gd

g
g

af

g

af
a

N
vn

zs

N
vb

eb

N
vj

N
vb

q

zseb
zs

N
vb

N
vj

zs
zs

gd
bh

g

g

zs

N
vb

N
vb

p

eb
q

N
vj

N
vj

zsN
vj

N
vb

zs

gg
bh

de
af

eb

N
vo

eb

N
vj

N
vf

q
N

vj

N
vj

N
vo

zs

N
vj

N
vb

g

gd

ym
a

zs
N

vj

N
vj

zs

zs

zs
N

vb

g
bt

ex
de

eheb

eb

sm
zs

N
vb

N
vj

N
vj

N
vj

N
vj

af
N

vj

g

g

ded
e

gd

eb

N
vf ym

de
bh

bt
ex

N
I

bg
h

a

N
I

zs

N
vb

N
vb

N
vj

N
vb

N
vb

N
vb

de

g

g

de

de
de

N
vf

ex

a

zs

zs
N

vb

xf

N
vb

N
vo

xf

zs

N
vf

g

N
vf

ya

ya

bh

eb
sm

N
I

zs
zs

N
vo

N
vo

xfN
vb

N
vb

xf
xf

bt

N
vf

bt

bz

de

N
vo

N
vo

N
vo

q

N
vo

N
I

sm

zs

eb
zs

zs
zs

N
vb

xf

bt
e

N
vf

g

bhbh
bg

h

zsaf

zs

zs

af

N
vb

N
vb

N
vf

bt

N
vf

N
vb

sm
eh

eb

N
vo

q

eb

N
vb

N
vj

N
vb

N
vf

N
vf

N
vb

N
vf

N
vj

N
vo

N
vf

N
vb

eh

de

N
vb

N
vb

N
vf

N
vj

N
vf

N
vj

N
vj N

vf
N

vo

eb

N
vo

N
vb

N
vf

N
vf

N
vf

N
P

f
N

vf
N

vb

N
vf

N
vf

N
vf

N
vj

N
vb

xf

N
vb

N
vb

N
vb

N
vb

a

N
vf

N
vf

N
P

f

N
vf

xf

N
vb

N
vb

N
vf

N
vb

N
vb

xf

N
vb

xf

N
vf

N
P

f

N
vb

N
vb

N
vf

N
vo

N
vb

N
vj

N
vf

N
vo

xf

N
vj

N
vb

N
vf

N
vb

N
vf

a
N

vb

xf
xf

de
l

N
vf

N
vb

N
vo

N
vf

N
vb

N
vo

N
vf

N
vf

N
vb

xf

N
vf

N
vf

N
vp

N
vb

N
vn

N
vj

N
vp

xf

N
vb

xf

xf

N
vf

N
voN

vf
N

vf
N

vo

xf

N
vo

N
vf

N
vb

N
vf

N
vp

N
vn

N
vf

N
vf

N
vt

de
l

N
vf

N v f

N
P

f
N

vb

f

N
vf

xf

xf

N
vb

N
vn

N
vn

xf

N
vo

N
vf

N
vj

f

N
vt

N
vb

a
N

vt

N
vf

N
voN
vf

N
vf

xf
N

vb

f

N
vn

N v o
xf

N
vt

N
vf

N
vf

N
vt

q
N

vf

N
vb

N
vf

N
vb

N
vb

N
vb

N
vb

N
vo

N
vt

N
vf

N
vf

q

N
vf

N
vf

N
vb

N
vo

N
vb

N
vj

N
vt

f

xf

eh

N
P

f
N

vb
N

vb

N
vb

f
N

vj

q

eh
N

vj
N

vf

N
viN
vt

N
vb

N
vf

N
vf

N
vf

N
P

f

N
P

f

N
vb

N
vb

N
vf

N
vf

N
vb

N
vj

N
vj

N
vf

eh

N
P

l

N
vf

N
P

l

N
vf

af

N
vf

af

a

q

eh
N

P
l

N
P

l

af
zs

N
vb

N
vf

a
N

vf

a
zs

60

35

70
30

85

65

65
8060

80

82

af

35
60

85

80

40

75

85

70

64

70

50

45

50

70

80

80

80
80

75

70

75
45

5

75

80
50

50

55

55

55

4
50

5

5

af

af

60

75

65

af

af

af
af

af

70

af

80

50

E
n

da
m

ag
ai

O
lp

iro

E
nd

ul
en

N
go

ro
ng

or
o

Ild
or

o
to

 L
ol

go
go

w
ur

ak

M
A

K
A

T
M

B
A

R
A

I

L
E

R
U

   
 

D
J

   
O

   
R

 U
   

 
D

K
A

D
E

 T

S
h

or
e

M
   

 A
   

 H
   

 O
   

 R
   

 O
   

 M
   

 B
   

 A
E

N
G

O
R

O
R

IK

S
p

rin
g

s an
d

S
e

ep
a

ge
s

al
o

n
g La

ke

P
e

re
nn

ia
l

F
a

rm

F
a

rm
F

a
rm

O
LO

L
D

O
G

A
T

N
A

U
D

O
 O

   
L 

  
 P

   
 I 

   
R

   
O

O
l o

 b
u 

s 
a 

re

S
  E

 R
 

 E

N
 A

 R
 O

 T
 I 

A 
N

O
L

D
E

A
N

I

O
LG

A
R

IE
N

S
 I 

  R
W

 A

O
  L

 A
 I 

 R
  O

B
I

O
L

D
O

IN
Y

O
IL

D
O

LA
U

N
Y

A
E

N
D

O
IN

Y
O

E
S

IR
W

A
S

af
ar

i L
od

g
e

O
L

D
O

IN
Y

O
  

N
A

IS
IU

S
IU

O
L

D
O

IN
Y

O
IL

D
O

LA
U

N
Y

A
O

L
D

O
IN

Y
O

M
A

T
I

O
ld

og
om

L 
E

 M
 A

 S
 I 

G
 IO

LA
ITA

KITA
I

S
A

D
IM

A
N

O
L

O
G

O
R

O
N

Y
A

N G O R O N G O R O  C R A T E R

LO
R

O
N

Y
A

S
IL

A
L 

A
R

T
U

M
LU

G
A

M
A

I

LE
M

A
G

A
R

U
T

M
A

LA
N

JA
D

ep
re

ss
io

n

 S
   

 E
 

 R
   

 E
  N

   
 G

   
E

T 
   

I

   
 P

 
L 

   
  A

   
   

I
N

N
A

IB
A

R
D

A
D

S
IL

A
LE

EN
DO

NDO
L

E
S

O
IT

 
   

   
  

   
  

   
K

E
A

R
O

N

N
A

M
O

R
O

D

O   
  L

   
  B

  
A   

 L
B

 A
 

 L

K
E

LO
G

I

Il
jo

po
 E

se
re

 
 S

pr
in

g

La
ito

le
 

S
pr

in
g

S
pr

in
gs

En
de

an
i 

  
S
pr

in
g

Il
du

ka
 S

pr
in

g

Lu
ga

m
ai

 S
pr

in
g

S
pr

in
gs

B
h

W
h

W
at

er
 T

an
k

S
pr

in
gs

W
at

er
 

Ta
nk

Er
em

et
 S

pr
in

g

43
70

64
10

37
50

40
00

63
80

62
40

62
50

38
40

49
00

44
20

52
 S

T
 2

  
42

15

63
70

36
50

37
70

40
50

42
10

44
80

62
00

61
30

56
50

52
00

46
70

58
00

52
60

49
40

45
80

46
70

56
60

60
30

57
60

52
60

61
00

58
60

57
60

52
.S

T
  

1

55
00

57
00

55
20

57
50

50
60

53
20

50
50

61
50

50
20

65
00

63
70

57
00

54
60

53
10

52
4052

50

52
70

53
40

55
40

54
10

53
20

53
70

53
00

51
50

52
50

53
10

52
00

38
00

50
00

53
80

54
40

54
90

52
40

53
50

51
1

0

48
7051

00

40
70

45
00

47
20

52
50

69
10

84
60

52
 S

T
 5

 
10

54
7

56
50

54
80

67
50

70
20

74
80

74
10

83
90

87
00

89
00

84
00

80
80

59
20

61
99

52
 S

T
 4

 
61

50

56
00

57
50

60
30

61
00

70
00

70
00

76
00

74
20

72
50

82
60

83
50

79
50

58
40

57
10

60
10

65
00

70
00

77
00

75
70

80
30

80
00

79
90

60
00

60
70

62
10

64
00

52
. S

T.
 6

 
62

49
65

10
67

50
70

00

85
00

82
20

94
00

82
20

78
00

60
50

64
00

84
50

97
00

84
00

82
60

67
00

58
40

58
60

60
90

63
00

69
80

77
60 80

00
91

00
10

27
6

10
15

0
75

50

69
00

56
20

56
40

57
80 58

20

61
00

65
00

66
10

80
10

79
60

87
50

67
60

66
70

59
40

57
20

55
70

55
00

54
20

58
10

72
50

69
10

68
60

82
00

71
70

57
00

63
00

73
00

69
50

67
00

59
00

55
00

58
20

63
90

70
00

65
80

58
30

60
10

63
00

54
50

56
50

60
10

58
00

53
00

58
40

52
60

54
00

54
00

50
00

52
20

48
00

54
60 56

50

52
. S

T.
3

54
16

50
50

51
20

51
50

47
00

Mbarai

Se
ke

te
t

K 
a

k e
s s

i o

Enke
ju

Enaish
o

K 
a

k e 
ss

io

Mugein

Em
bo

re
m

un

Engarusi

EnkejuElaitole

O
lk

ej
u

Le
sa

un
ya

Embaruwa

Bi
tin

Endorosi

Enkeju Engetok

Olke
ju Nyiro

En
ke

ju
Sho

ri

O
lke

ju
O

ld
uv

ai

L 
A 

K
 E

   
E

 Y
 A

 S
 I

M
as

ek

M
A

K
AT

 
N

D
U

TU

35
°1

0
'

35
°1

0
'

35
°2

0
'

35
°2

0
'

35
°3

0
'

35
°3

0
'

3°0'

3°10'

3°10'

3°20'

3°20' 35°30'

35°0'

73
0

0
0

0

73
0

0
0

0

74
0

0
0

0

74
0

0
0

0

75
0

0
0

0

75
0

0
0

0

76
0

0
0

0

76
0

0
0

0

77
0

0
0

0

77
0

0
0

0

9620000

9620000

9630000

9630000

9640000

9640000

9650000

9650000

9660000

9660000

B
a

se
 m

a
p 

fr
om

 1
:5

0,
00

0
 s

he
e

ts
 b

y 
G

eo
lo

gi
ca

l S
ur

ve
y 

D
iv

is
io

n
P

ri
n

te
d 

by
 th

e 
S

ur
ve

y 
D

iv
is

io
n

 o
f t

he
 M

in
is

tr
y 

o
f L

an
ds

S
e

ttl
em

e
nt

 a
nd

 W
at

e
r 

D
ev

el
op

m
en

t.
  

G
ov

er
n

m
en

t o
f T

an
za

ni
a

E
N

D
U

L
E

N
Q

U
A

R
T

E
R

 D
E

G
R

E
E

 S
H

E
E

T
 5

2

G
E

O
L

O
G

IC
A

L 
M

A
P 

O
F 

TA
N

Z
A

N
IA

G
E

O
LO

G
IC

A
L 

S
U

R
V

E
Y

 O
F

 T
A

N
Z

A
N

IA

35
°0

0
'

3°30'

35
°0

0
'

3°00'

O
ld

ea
ni

O
ld

ea
ni

B
R

IE
F

 E
X

P
L

A
N

A
T

IO
N

 O
F

 T
H

E
 G

E
O

L
O

G
Y

3°30'

M
AN

G
O

LA

Ki
m

al
i&

Ka
ke

ss
io

O
ld

u
va

i G
o

rg
e

Lo
lio

nd
o

or
 S

er
on

er
a

K
ar

a
tu

&
A

ru
sh

a

0
2

4
6

8
10

1

K
ilo

m
et

er
s

S
ca

le
 1

 :
 1

00
,0

00
  

FA
U

LT
S

N
or

m
a

l (
M

ar
k 

on
 d

o
w

nt
hr

ow
 s

id
e

)

A
p

pr
ox

im
at

e

D
en

ot
es

 s
he

ar
ed

 r
oc

k

S
h

ea
r 

zo
ne

In
fe

rr
ed

.
co

nc
ea

le
d

G
E

O
L

O
G

IC
A

L
 B

O
U

N
D

A
R

IE
S

O
bs

er
ve

d
A

p
pr

ox
im

at
e

In
fe

rr
ed

G
E

N
E

R
A

L
 S

T
R

U
C

T
U

R
E

V
er

tic
a

l
S

tr
ik

e
 o

n
ly

B
e

dd
in

g

F
ol

ia
tio

n

P
la

na
r 

el
em

en
ts

Li
ne

ar
 e

le
m

en
ts

F
lo

w
 d

ire
ct

io
n 

of
 la

va

Li
ne

at
io

n 
(P

lu
ng

e 
o

f f
ol

d
 a

xe
s)

F
lo

w
 s

tr
uc

tu
re

s
in

 g
ra

ni
ts

In
cl

in
ed

G
E

O
LO

G
IC

A
L-

T
E

C
T

O
N

IC
 O

V
E

R
V

IE
W

L
eg

en
d

C
re

ta
ce

ou
s 

m
a

rin
e

 s
e

di
m

e
nt

s

C
e

n
oz

oi
c 

vo
lc

a
ni

c 
ro

ck
s

C
e

n
oz

oi
c 

b
a

si
n 

an
d

 c
o

as
ta

l s
ed

im
en

ts

Ju
rr

as
ic

 m
ar

in
e

 s
ed

im
en

ts

K
a

ro
o

 te
rr

e
st

ric
 a

n
d 

co
al

 s
e

d
im

e
n

ts

N
e

o
pr

o
te

ro
zo

ic
 ta

b
ul

a
r 

M
al

a
g

ar
a

zi
 S

u
p

er
g

ro
u

p

P
a

la
e

o-
N

e
op

ro
te

ro
zo

ic
 p

ro
to

lit
hs

 a
ffe

ct
ed

 b
y 

P
a

n-
A

fr
ic

a
n

 e
ve

nt
 (

M
o

za
m

bi
q

ue
 B

e
lt)

M
e

so
pr

o
te

ro
zo

ic
 K

ib
a

ra
n

 K
ar

a
gw

e
-A

n
ko

le
a

n-
F

o
ld

sy
st

e
m

M
e

so
pr

o
te

ro
zo

ic
 K

ib
a

ra
n

 fo
re

la
n

d 
se

tt
in

g
 (

B
uk

o
b

a 
S

a
n

ds
to

n
e

)

P
a

la
e

op
ro

te
ro

zo
ic

 c
ry

st
a

lli
n

e
 r

oc
ks

 o
f U

b
e

nd
ia

n
 B

el
t

P
a

la
e

op
ro

te
ro

zo
ic

 c
ry

st
a

lli
n

e
 r

oc
ks

 o
f U

sa
g

ar
a

 B
e

lt

N
e

o
ar

ch
a

ea
n

 c
ry

st
a

lli
n

e
 r

oc
ks

 o
f K

av
ir

o
nd

ia
n 

a
n

d 
N

ia
n

zi
an

 S
u

pe
rg

ro
up

s

N
e

o
ar

ch
a

ea
n

 G
re

en
st

o
n

e 
- 

B
IF

 S
ys

te
m

M
e

so
-N

e
o

ar
ch

a
ea

n
 D

od
o

m
a 

cr
ys

ta
lli

n
e 

C
om

p
le

x

40
°40

°

38
°38

°

36
°

36
°

34
°

34
°

32
°

32
°

30
°

30
°

28
°

28
°

2°
2°

4°
4°

6°
6°

8°
8°

10
°

10
°

12
°

12
°

1 7

6
2

8

5
3 9

4

11

91
90

57 73

42

89

56 72

41

88

55

28

71

40

16

54

87

27 39

70

15 26
17

53

86

14

38
29

69
58

18
25

13

43
52

92

30
37

24
19

12

74
85

10

59
68

20
23

51
44

31
36

21
22

32
35

93

45
50

33
34

84
75

67
60

46
49

48
47

66
61

76
83

94

62
65

63
64

77
82

95

78
81

79
80

96
97

99
98

11
1

11
0

11
2

11
3

11
4

11
5

11
6

11
7

11
8

11
9

21
1

31
1

13
0

14
9

18
6

10
9

12
9

16
8

20
4

10
8

14
8

18
5

22
2

12
8

16
7

20
3

10
7

14
7

24
0

18
4

12
7

16
6

22
1

10
6

27
1

14
6

20
2

25
6

12
6

18
3

29
6

10
5

23
9

16
5

28
4

22
0

14
5

12
5

20
1

10
4

27
0

18
2

25
5

16
4

30
8

14
4

13
1

12
4

10
3

23
8

29
5

21
9

20
0

10
2

28
3

18
1

12
3

16
3

14
3

13
2

26
9

10
1

25
4

12
2

10
0

23
7

14
2

13
3

21
8

16
2

19
9

18
0

12
1

30
7

12
0

13
4

14
1

29
4

15
2

16
1

28
2

14
0

13
5

17
9

26
8

19
8

25
3

21
7

23
6

13
9

13
6

16
0

15
3

13
8

13
7

16
9

17
8

15
4

15
9

19
7

15
5

15
8

30
6

21
6

15
7

15
6

29
3

17
0

17
7

23
5

28
1

25
2

26
7

19
6

18
7

17
6

17
1

17
2

17
5

21
5

17
3

17
4

18
8

19
5

23
4

25
1

26
6

19
4

18
9

31
8

20
5

21
4

28
0

30
5

29
2

19
3

19
0

19
2

19
1

23
3

20
6

21
3

25
0

21
2

20
7

26
5

23
2

20
8

27
9

21
0

20
9

29
1

30
4

31
7

24
9

23
1

22
4

26
4

22
5

23
0

24
8

22
6

22
9

27
8

22
7

22
8

29
0

24
7

26
3

30
3

31
6

24
6

24
1

27
7

24
5

24
2

26
2

24
4

24
3

28
9

26
1

30
2

27
6

31
5

26
0

28
8

25
9

27
5

25
8

25
7

30
1

27
4

28
7

31
4

27
3

32
2

27
2

30
0

28
6

31
3

28
5

29
9

32
1

29
8

31
2

29
7

32
0

31
0

31
9

30
9

13
0

E

15
0

15
1

16
9

W

40
°40

°

38
°38

°

36
°

36
°

34
°

34
°

32
°

32
°

30
°

30
°

28
°

28
°

2°
2°

4°
4°

6°
6°

8°
8°

10
°

10
°

12
°

12
°

Q
ua

rt
er

 D
eg

re
e

S
he

e
t I

n
de

x
Q

D
S

 E
N

D
U

L
E

N

In
d

ex
 m

ap
 1

:1
0.

00
0.

0
00

52

Q
U

A
R

T
E

R
 D

E
G

R
E

E
 S

H
E

E
T

 5
2

E
N

D
U

L
E

N
 

G
E

O
L

O
G

IC
A

L
 M

A
P

 O
F

 T
A

N
Z

A
N

IA

S
ca

le
 1

 : 
10

0,
00

0
Ju

ne
 2

01
4

T
h

e 
in

fo
rm

a
tio

n
 p

re
se

nt
e

d 
on

 t
hi

s 
m

ap
 h

a
s 

be
en

 c
ol

le
ct

e
d 

fr
o

m
 a

 v
a

ri
et

y 
o

f 
d

at
a

 s
ou

rc
e

s.
 A

lth
ou

gh
 a

ll 
da

ta
 h

a
s 

be
en

 p
ro

cu
re

d 
a

n
d

 r
e

se
a

rc
h

e
d

 w
ith

 s
p

e
ci

a
l d

ili
g

e
n

ce
,

it 
m

a
y 

b
e

 in
h

er
e

n
tly

 in
a

cc
u

ra
te

 a
n

d
 im

p
re

ci
se

. 
T

he
 u

se
r 

re
co

g
n

is
e

s 
th

a
t 

ab
st

ra
ct

io
ns

 a
n

d
 a

d
ju

st
m

en
ts

 a
re

 n
ec

e
ss

a
ry

 f
o

r 
th

e
 m

a
p

 p
re

se
nt

a
tio

n
 o

f 
ge

os
ci

en
tif

ic
 d

a
ta

.
T

h
e 

p
ub

lis
he

r 
/ 

au
th

o
r 

is
 n

ot
 li

ab
le

 f
o

r 
an

y 
d

ire
ct

 o
r 

in
d

ir
ec

t 
da

m
ag

es
, 

lo
ss

es
, 

co
st

s,
 c

ha
rg

es
 o

r 
d

em
an

ds
 o

f 
an

y 
na

tu
re

 o
r 

ki
n

d
 r

e
su

lti
n

g
 f

ro
m

 in
co

rr
e

ct
 /

 im
p

re
ci

se
 /

in
co

m
pl

et
e

 d
a

ta
 o

r 
in

co
m

pe
te

nt
 u

se
 o

f 
da

ta
 p

re
se

n
te

d 
o

n 
th

is
 m

a
p.

 T
h

e 
u

se
r 

on
ly

 is
 r

es
po

ns
ib

le
 f

or
 a

n 
a

pp
ro

pr
ia

te
 u

se
 o

f 
a

ll 
d

at
a

 p
re

se
nt

ed
 o

n 
th

is
 m

a
p.

 T
he

 m
a

p 
is

in
te

n
de

d 
fo

r 
u

se
 a

t 
th

e
 p

ub
lis

h
e

d
 s

ca
le

 o
n

ly
. 

R
e

su
lts

 o
f 

fu
rt

h
e

r 
d

e
ta

ile
d

 i
n

ve
st

ig
a

tio
n

s 
m

a
y 

d
iff

e
r 

fr
o

m
 d

a
ta

 p
re

se
nt

e
d

 o
n 

th
is

 m
a

p.
 T

hi
s 

m
ap

 i
s 

n
ot

 a
n 

a
ut

ho
ri

ty
 o

n
in

te
rn

a
tio

n
al

 b
o

un
da

rie
s.

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

   
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

B
ea

k 
C

o
n

su
lt

an
ts

 G
m

b
H

A
m

 S
t.

 N
ic

la
s 

S
ch

a
ch

t 1
3

09
59

9 
F

re
ib

er
g,

 G
er

m
an

y
M

an
ag

in
g 

di
re

ct
or

:  
D

r 
A

. B
ar

th
w

w
w

.b
ea

k.
de

m
ad

in
i-d

o@
gs

t.g
o.

tz
w

w
w

.g
st

.g
o.

tz

G
eo

lo
g

ic
al

 S
u

rv
ey

 o
f 

T
an

za
n

ia

T
ra

ns
ve

rs
e 

m
er

ca
to

r
(U

T
M

 Z
on

e 
36

S
)

M
ap

 p
ro

je
c

ti
o

n

K
ik

uy
u 

A
ve

nu
e

P
.O

. 
B

O
X

 9
03

, 
D

od
o

m
a,

 T
an

za
ni

a
C

hi
e

f E
xe

cu
tiv

e
 O

ffi
ce

r:
 P

ro
f 

A
. H

. M
ru

m
a

 
m

ad
in

i-d
o@

gs
t.g

o.
tz

w
w

w
.g

st
.g

o.
tz

S
ph

er
oi

d:
 C

la
rk

 1
88

0
D

a
tu

m
: A

rc
 1

9
6

0

R
e

fe
re

n
c

e
 s

y
s

te
m

D
ig

it
a

l C
a

rt
o

g
ra

p
h

y

G
S

T
 &

 B
e

ak
 C

on
su

lta
nt

s
D

o
do

m
a,

 2
01

4

D
at

a 
C

ap
tu

re
: 

M
uj

un
i D

es
de

ry

D
e

si
g

n
 &

 L
a

yo
u

t:
 E

. D
ic

km
a

ye
r,

 D
r 

C
. 

L
e

g
le

r,
 T

. N
g

o
le

S
of

tw
ar

e:
 M

. 
S

ta
hl

S
u

p
e

rv
is

e
d

 b
y:

 P
ro

f A
. 

H
. 

M
ru

m
a

, 
 Y

. M
yu

m
bi

lw
a

G
eo

lo
gi

ca
lly

 s
ur

ve
ye

d 
by

 R
. 

P
ic

ke
ri

ng
. 

19
58

&
 1

96
1.

F
irs

t 
E

di
tio

n
C

om
p

ile
d

 d
ra

w
n

 a
n

d
 p

u
b

lis
h

e
d

 b
y 

G
eo

lo
gi

ca
l S

ur
ve

y 
D

iv
is

io
n,

 1
96

4.

G
eo

lo
g

y

N
E

O
G

E
N

E

Le
ge

nd

R
ec

e
nt

Ta
lu

s
de

La
nd

-s
lid

e 
de

br
i, 

hu
m

m
oc

ky
 to

pg
ra

ph
y

de
l

M
ou

nd
 fi

el
d-

la
ha

r 
de

dr
is

de
m

A
llu

vi
um

a zs
R

ed
 o

r 
gr

ey
is

h 
a

llu
vi

al
 a

nd
 e

lu
vi

al
 s

an
d

s 
an

d 
si

lts

D
el

ta
 fa

n
af

E
ro

de
d 

la
ke

 b
ed

s 
w

ith
 c

ov
er

 o
f w

in
d

 b
lo

w
n 

du
ne

s

La
ke

 b
ed

s 
ne

ar
 L

ak
e 

E
ya

si
N

l

D
en

ot
es

 th
in

, i
rr

eg
ul

ar
 c

ov
er

 o
f r

ed
 s

oi
l o

r 
tu

ffs

N
vf

xf
R

ed
 s

oi
ls

R
ed

 b
ro

w
n 

ea
rt

hy
 tu

ffs

Yo
un

ge
r E

xt
ru

si
ve

s
S

a
di

m
a

n

P
h

on
ol

ite

N
ep

he
lin

ite

T
uf

fs

A
g

gl
om

er
at

es

N
ep

he
lin

ite

N
vp

N
vn

N
vf

N
vn

N
vj

B
a

sa
lt

N
go

ro
ng

or
o

O
ld

er
 E

xt
ru

si
ve

s

N
vb

N
vo

O
liv

in
e 

ba
sa

lt

O
liv

in
e 

ba
sa

lt

T
ra

ch
yt

e

T
uf

fs
 a

nd
 a

gg
lo

m
er

at
es

Le
m

ag
ar

ut
N

go
ro

ng
or

o
O

ld
ea

ni

N
vt

N
vo

U
nd

iff
e

re
nt

ia
te

d 
b

as
a

lti
c 

la
va

s
N

vb

f N
vn

N
vi

N
ep

he
lin

ite

Ig
ni

m
br

ite

P
 R

 E
 C

 A
 M

 B
 R

 I 
A

 N

U
nd

iff
e

re
nt

ia
te

d 
g

ra
ni

te
 o

r 
gr

a
no

di
or

ite

G
ra

ni
te

G
ra

no
di

or
ite

g gg gd

A
ci

d 
ho

rn
bl

e
nd

e 
gn

e
is

se
s

A
ci

d 
bi

ot
ite

e 
gn

ei
ss

es

Q
ua

rt
zo

-f
ei

ds
pa

th
ic

 g
ne

is
se

s

eh eb ex q
Q

ua
rt

zi
te

s

M
ic

a 
sc

hi
st

s

H
or

nb
le

n
de

 s
ch

is
ts

H
or

nb
le

n
de

-g
a

rn
et

 s
ch

is
ts

 

Q
ua

rt
zo

-f
ei

ds
pa

th
ic

 g
ne

is
se

s

sm bh bg
h

bt

T
uf

fs

N
ep

he
lin

ite

V
ol

ca
ni

c 
co

ng
lo

m
er

a
te

nN
vf

N
vj

Le
m

ag
ar

ut

S
co

ria
 c

on
es

 o
f v

ar
io

us
 a

ge
s

N
vj

P
le

is
to

ce
ne

D
en

ot
es

 th
in

, i
rr

eg
ul

ar
 c

ov
er

 o
f  

tu
ffs

 a
nd

 li
m

es
to

ne
s

B
ro

w
n 

a
nd

 c
a

lc
ar

e
ou

s 
tu

ffs
 a

nd
 li

m
es

to
ne

N
vf

O
ld

uv
ai

 L
ak

e
 B

ed
s

N
pl

S
u

b-
ae

ri
a

l a
n

d 
flu

vi
al

 tu
ffs

 (
in

cl
ud

es
 th

e 
La

e
to

le
 B

e
ds

)
N

pf

bt
A

ct
in

ol
ite

 s
ch

is
t

bt
e

A
ct

in
ol

ite
-e

pi
do

te
  s

ch
is

t

bz
E

p
id

ot
e-

cl
in

oz
oi

si
te

  s
ch

is
t

ym
M

yl
on

ite
 a

nd
 c

at
ac

la
si

te

ya
A

u
ge

n 
gn

e
is

s

C
at

ac
la

si
te

s

de
M

et
e-

do
le

rit
e

bh
H

or
nb

le
n

de
 s

ch
is

t 
(s

he
ar

e
d 

m
et

a-
do

le
rit

e)

a
A

m
p

hi
b

ol
ite

p
P

e
gm

at
ite

T
O

P
O

G
R

A
P

H
Y

S
e

co
nd

ar
y 

ro
a

d

M
ot

or
ab

le
 t

ra
ck

M
in

o
r 

se
ttl

e
m

en
t

O
lp

pi
to

O
LB

A
LB

A
L

A
re

a 
na

m
e

H
ill

 n
am

e
O

LD
O

IN
Y

O
   

  
   

  
   

  
  M
A

T
I

H
ill

 p
oi

nt

T
rig

on
o

m
et

ric
al

 p
oi

nt
52

.S
T.

6

S
p

ot
 h

ei
gh

t (
fr

om
 a

n
er

oi
d 

ba
ro

m
et

er
 r

ea
di

ng
s)

54
20

F
or

m
 li

ne

S
p

rin
g,

 p
er

m
an

en
t a

nd
 s

ea
so

na
l

S

W
el

l, 
pe

rm
an

t a
nd

 s
ea

so
na

l 
W

W
at

e
rh

ol
e,

 s
ea

so
na

l 
W

h

B
o

re
ho

le
B

h

D
am

 o
r 

ha
ffi

r

La
ke

137



138



139



140



APPENDIX II 

141



Page 1 of 39 
 

ENDULEN 
  

142



Page 2 of 39 
 

 
Photo 1. View of spring seepage area at headwaters of stream. Fig tree observed on the 
left.  
 

 
Photo 2. View of headwaters of spring-fed river, looking upstream. 
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Photo 3. View spring-fed river, looking downstream. 
 

 
Photo 4. View of concrete structure used to dam river water.  
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Photo 5. View of locals’ clothing washed in river and hung out to dry.  
 

 
Photo 6. View of local herding cows to stream to drink. 
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Photo 7. River channel located in lower topography/more vegetated area in center of 
picture.  
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ENGINA 
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Photo 1. View of spring site. Small spring-fed wetland can be observed in the far portion 
of the picture behind people where tall vegetation is observed.  
 

 
Photo 2. View of small spring pool that supports tall wetland vegetation.  
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Photo 3. Additional photo of wetland vegetation. Change in vegetation is interpreted to 
represent extent of spring seepage area.  
 

 
Photo 4. View of flowing water coming from highly vegetated spring seepage area. 
Water is flowing toward photographer.  
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Photo 5. View spring seepage area on left and concrete drinking structure on left. Water 
flows from seepage area into the concrete drinking area.  
 

 
Photo 6. Close-up view donkey’s drinking from concrete drinking area.  
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MTANE 
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Photo 1. View of Mtane River channel surrounded by vegetation and Yellow Fever trees. 
Locals’ clothes are observed hanging on shrubs to dry after washing them in the river.  
 

 
Photo 2. View of the river headwaters where groundwater is seeping out. 
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Photo 3. View of groundwater discharging into the river.  
 

 
Photo 4. Close-up view of spring discharge area/ spring boils.  
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Photo 5. Downstream view of spring discharge area.  
 

 
Photo 6. View of dry river bed located upstream of spring discharge area.  
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Photo 7. View of flood deposits in river bank.  
 

 
Photo 8.  View of downstream portion of river.  
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KISIMA NGEDA 
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Photo 1.  View of small portion of extensive wetland system at Kisima Ngeda. 
 

 
Photo 2. View of one of the spring pools surrounded by wetlands at Kisima Ngeda.  
 

157



Page 17 of 39 
 

 
Photo 3.  View of basalt outcrop located immediately adjacent upslope of the springs.  
 

 
Photo 4. Close-up view of basalt outcrop.  
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Photo 5. View from basalt outcrop looking north. Wetlands observed along the fringes 
of Lake Eyasi to the west.  
 

 
Photo 6. View from basalt outcrop, looking west toward Lake Eyasi. Wetlands are 
observed to extend up to the lake.  
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Photo 7. View from basalt outcrop, looking south. Wetlands observed along the fringes 
of Lake Eyasi to the west. 
 

 
Photo 8. View from basalt outcrop, looking east. Landscape appears to be less 
vegetated upslope. 
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Photo 9. View of Mt. Oldeani from the Kisima Ngeda area. Evidence of streams can be 
seen on the slope of the mountain. 
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GARAFANI 
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Photo 1. View of spring seeping from rock into spring pool surrounded by wetland 
vegetation, looking downslope.  
 

 
Photo 2. Additional view of spring pool surrounded by wetland vegetation. 
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Photo 3. View water seeping out of rock (left).  
 

 
Photo 4. Close-up view of water seeping from rock.  
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Photo 5. View of spring sampling.  
 

 
Photo 6.  View of 5-gallon buckets that the local people bring to the spring to fill with 
water.  
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ESERE 
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Photo 1. View wetland vegetation surrounding spring area.   
 

 
Photo 2. Additional view of wetland.  

167



Page 27 of 39 
 

 
Photo 3. View of water pump located within wetland.  
 

 
Photo 4. View of tufa deposit located in the area. Person on right is ~1.6 meters tall, for 
scale.  
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Photo 5 Tree growing out of tufa deposit.  
 

 
Photo 6. View of local bringing goats to spring to drink.  
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Photo 7. View of man-made concrete dam.  
 

 
Photo 8. View of highly fractured tuff deposits.  
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Photo 9. Additional view of highly fractured tuff deposits.  
 

 
Photo 10. View of dry riverbed located near wetlands.  
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EREMET 
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Photo 1. View looking into pale lake basin where springs discharge, looking west.  
 

 
Photo 2. View of the western edge of the paleo lake basin, looking north. Wetlands form 
within the basin.  
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Photo 3. View of reworked tuff along paleo lake bed wall where groundwater was 
observed to discharge from.  
 

Photo 4. View of spring pool and surrounding wetland vegetation.  
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Photo 5. Additional view of wetlands along the western rim of the paleo-lake basin, 
looking west. Water flows from east to west.  
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MIDDLE & UPPER 
GARUSI RIVER 
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Photo 1. Dry channel bed of the Middle Garusi River.  
 

 
Photo 2. Mud cracks on floor of Middle Garusi River.  
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Photo 3. Additional photo of dry Middle Garusi River bed.  
 

 
Photo 4. Middle Garusi River photograph. Retrieved DIVER from river by Joseph Masoy 
and Gail Ashley. DIVER was secured to root of tree with cable ties and buried under 
boulders on July 2, 2016. 
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Photo 5.  View of dry Upper Garusi River channel. The DIVER installed in this channel was 
not recovered.  
 

 
Photo 6. Additional photo of dry Upper Garusi River channel. 
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BONUS PHOTO. Giraffe tongue. You’re welcome.  
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Stable Isotope Analysis

Site Latitude Longitude Elevation
δ18O_Picarro 

(‰) 

δD_Picarro 

(‰)
Country IPL_Sample_ID Date Type

Ngoile Spring ‐3.0397 35.4834 1345 ‐4.86 ‐20.97 TZ IPL_18W_101 6/18/2018 Spring

Misilli Spring ‐2.9835 35.5066 1335 ‐4.38 ‐17.92 TZ IPL_18W_102 6/18/2018 Spring

Olbalbal Lake ‐2.9749 35.4328 1358 ‐3.58 ‐26.59 TZ IPL_18W_103 6/18/2018 Lake

Endulen Spring ‐3.2156 35.2690 1815 ‐4.05 ‐18.61 TZ IPL_18W_104 6/24/2018 Spring

Esere Well ‐3.3014 35.1873 1593 ‐4.75 ‐26.32 TZ IPL_18W_105 6/22/2018 Ground

Engina Spring ‐3.2165 35.2607 1784 ‐4.08 ‐18.50 TZ IPL_18W_106 6/23/2018 Spring

Mtane River ‐3.0264 35.2758 1532 ‐3.29 ‐15.42 TZ IPL_18W_107 6/23/2018 River_or_stream

Eremet Spring ‐3.0255 35.0749 1596 ‐4.49 ‐26.17 TZ IPL_18W_108 6/24/2018 Spring

Lake Eyasi Lodge Well ‐3.4877 35.3606 1057 ‐4.98 ‐20.86 TZ IPL_18W_109 6/27/2018 Ground

Namiri Spring ‐2.5511 35.0970 1668 ‐3.82 ‐17.93 TZ IPL_18W_110 6/30/2018 Spring

Klein Spring ‐1.8534 35.2237 1747 ‐3.38 ‐15.08 TZ IPL_18W_111 6/30/2018 Spring

Page 1 of 1
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NCA Rainfall Data from 2005‐2011 and 2015‐2016

Month JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC TOTAL

Head quarter 7.7 125.5 219.4 154 55.5 30.5 11 5 43 35 22 48 819.4

Mokilal 113 57.5 169.2 114 12 0 16 0 4 20 28 0 537.7

Esirwa 32 26.5 32.7 74 22 16 12 0 0 0 10 8 233.2

Endulen 150 54.6 131.6 102 32 26 0 0 0 0 0 0 496.2

Esere 38.5 44 65.2 50.9 0 0 0 0 0 15 59.1 0 272.7

Kakesio 0 11 12 10 8 4 0 0 0 0 0 0 45.1

Angaengati 78 86 96 36 101 118 41 22 12.8 58 52 26 726.8

Old east gate 19.7 32 38 46 32 47 35 23 13 ‐8 0 8 298.7

Ndutu 404 369 108.5 753 112 202 0 60 86 54 1765 171.2 2496.2

Oldupai 212 32 90 36 22 0 0 0 0 0 28 0 410

Nasera 24 30 32 32 16 17 14 0 0 11 0 16 192

Olbalbal 16.8 18.5 30 16 12 0 9 6 0 0 0 6 114.3

seneto 11 16.9 18 16 12 11 11 4 4 0 8 0 111.9

Lerai 16 18.2 40 12 14 16 22 10 12 0 12 4 174.2

Ngoitokitok 18 20 22 9 6 11 7 0 6 0 6 0 105

Munge 22 32 38 11 8 12 0 12 0 3 0 0 138

Nainokanoka 142 79 107.4 14 132 4 0 4 0 0 0 155 637.4

Alailelai 114 83 181 145.9 67 25 0 12 8.2 54.7 45.4 120 857.2

Naiyobi 202.5 38.5 86 12 8 0 0 0 0 36 183 187 752.5

Endamagha 8.5 16 30 9.5 13 12 0 0 3 0 0 0 92

Mbulumbulu 46 62 75.8 42.9 31.8 32.4 0 0 11 4 129 0 435

Month JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC TOTAL

Head quarter 101 70.8 201.8 307.5 10 41 18.4 7.6 8.6 0 10 37 813.7

Mokilal 68.2 87 227 170 73 0 0 7.3 0 13 177 291 1113.5

Esirwa 18 32 38 68 32 0 0 4.2 0 14.2 144.9 74.3 225.6

Endulen 95.5 156.4 201.8 126.4 88 0 0 0 0 26 227.6 273.2 1194.9

Esere 54.8 38.9 96.6 75.6 0 0 0 0 0 0 46 152.8 464.7

Kakesio 54.8 38.5 96.6 22 13 0 0 0 0 0 46 152 422.9

Angaengati 39 23 128 132 89 0 0 0 0 0 112 0 523

Ndutu 82 38 93 34 32 0 0 0 0 12 56 71 418

Old east gate 85.8 98.4 103 190.9 119 0 0 6.3 2.3 0 229.5 223.5 1158.7

Oldupai 40 64 91 38 113 0 0 0 0 0 10.2 81.6 437.8

Nasera 20 38 0 56 0 0 0 0 0 29 118 78 339

Olbalbal 40 64 91.5 42 12 0 0 0 0 28 42 56 375.5

seneto 5 0 18 16 9 0 0 0 0 38 11 36 133

Lerai 12 28.6 30.5 23 16 0 0 0 9.4 14.6 38.2 72 257.3

Ngoitokitok 18 0 30 10 7 0 0 0 0 22 28.6 46.5 162.1

Munge 12 28 30.5 0 0 0 0 0 0 16 37 71 194.5

Nainokanoka 18 59 88 250.5 130 0 0 28 26 68.9 0 0 668.4

Alailelai 97.2 50.1 152.6 133.7 109.8 0 4 7.6 0 88 208 257 1107.8

Naiyobi 56.1 46 156 153 65 0 0 45.3 58 176 172 275 1202.4

Endamagha 12 28 15 13 7 0 0 0 0 0 28 52.7 155.7

Mbulumbulu 65.6 45.7 145.9 163 61.4 0 0 0 0 80.6 227.8 346 1136

Month JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC TOTAL

Head quarter 193.1 236 219 196 213.8 51.2 22.6 7.5 5.4 16.3 189 133.4 1413.2

Mokilal 165 124 98 81 84 49 15 0 0 24 92 137.4 869.4

2007

2005

2006
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NCA Rainfall Data from 2005‐2011 and 2015‐2016

Esirwa 42 56 29 39 13 0 11 0 6.7 11.3 18.7 19.3 246

Endulen 154.7 118.2 73.1 64 53 18.2 0 12 0 12.2 58.2 0 563.6

Esere 86 113.2 41 10 0 0 0 0 0 12 43.2 136 441.4

Kakesio 28 36 29 37 9 0 2.3 0 7.3 9 10.3 22.1 190

Angaengati 56 112 68 53 44 16 21 11 39.2 21.8 32.5 68.5 543

Ndutu 26 28 48.5 28 58 19.1 17.6 51 0 0 0 0 230.3

Old east gate 131.1 87.1 153.2 85 46.8 19.8 17 12.2 9.1 0 27.8 103.3 692.4

Oldupai 13 110 38 0 0 0 0 0 0 0 0 52 213

Nasera 78 18 26 26 31 10.1 10.1 0 0 0 0 0 199.2

Olbalbal 16 27 21 35 34 0 9 0 15.5 11 17.8 42.8 229.1

seneto 13 18 16 21 22 0 11.1 0 0 6.1 23 13 142.2

Lerai 35 28 16 51 21 18 14.2 8 16 17.1 25.2 18.1 267.6

Ngoitokitok 52 46.4 14.2 77 16 13 16.2 12.7 5 13.1 18.6 16.5 300.7

Munge 64 56 18.2 61 225 26 20 7.8 10.6 20.5 26.1 36.1 571.3

Nainokanoka 116.8 121.6 78 205.4 46.8 0 12 25 15.1 10.7 50.3 189.7 881..4

Alailelai 179 112 110 146 86 2 26 13.8 2 15 32 145 845.4

Naiyobi 232.1 112.8 50 160.5 15.5 0 8.6 11.4 0 11.7 91.5 211 905.1

Endamagha 18.6 26.6 9 30 34 4.3 0 9 32 35 13.1 49 260.6

Mbulumbulu 114.6 201.9 74.1 139.1 123.6 0 12.7 0 16.8 19.3 24.1 165 891.2

Month JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC TOTAL

Head quarter 92.5 141 175.5 214.1 20.1 48.5 0 2.3 6.3 113 128 138 1079.3

Mokilal 87 131 264 54 49.8 33.2 9 0 0.2 86 157 123 994.2

Esirwa 22 38 77.9 17 13 11 9.2 31 11.6 68 118 112 528.7

Endulen 30 47.2 207 113 23.1 19.6 0 0 10.3 56 119.6 132.9 758.7

Esere 22 70 75 12.5 0 0 0 0 5.6 8 50.3 29 272.4

Kakesio 18.8 28.8 11.2 3.2 0 0 0 0 0 31 43.9 59.7 196.6

Angaengati 63.1 89 92 15.3 0 45.2 0 7 25.1 33 81.2 74.3 525.2

Ndutu 30 34 11 13 5.2 0 0 9 10.5 72.6 41.9 93.2 320.4

Old east gate 46.3 77.8 117.2 56.8 0 31.5 0 1.6 27.1 31.5 136.4 68.7 594.9

Oldupai 0 0 131.3 21.4 0 0 0 0 0 0 46.6 23.2 222.5

Nasera 17 23 25 28 18 0 0 0 0 19.7 31.5 49.2 211.4

Olbalbal 32 31 32 23 11.3 0 0 0 0 11.4 29 22.7 192.4

seneto 23 32.8 29.3 4 4.2 0 0 0 11 28.8 33.8 41.6 208.5

Lerai 43 52 33.2 43.1 18.2 12.5 0 9 18 37.2 91 22.1 379.3

Ngoitokitok 29.5 47 31 12 7 5.2 0 0 0 37 51.2 67.3 287.2

Munge 36 49 32.8 11 17 15.2 0 0 23 62 84.3 74 404.3

Nainokanoka 133.7 96.5 65.8 107.2 49.1 21.8 0 0 39.5 128 110 133 884.6

Alailelai 68 85 116.7 61.8 22 19.9 0 20.1 89.7 115.4 123.8 149.3 871.7

Naiyobi 0 0 0 88 0 0 0 0 0 168.4 0 0 256.4

Endamagha 31 22 31 16 21 0 0 0 24.7 41 21.8 18.6 227.1

Mbulumbulu 118.7 199.5 70.1 204.2 0 13.1 0 0.4 0.7 81.6 74.8 31.3 794.4

Month JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC TOTAL

Head quarter 99.5 113.2 99.9 264.5 52.8 18 0 4 0 47 83.7 115.2 897.8

Mokilal 112 58 168 183.5 35 0 0 0 0 22.2 308 0 886.7

Esirwa 30 12 3 4.5 25 0 0 0 1 12 20 0 107.5

Endulen 3.8 0 177.3 169.7 96.6 0 0 0 0 111 127.5 221.6 907.5

Esere 46 31 63 48 11 0 0 0 6 7 200 233 645

Kakesio 27 17 3 24 6 0 0 0 0 11 15 0 103

2008

2009
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NCA Rainfall Data from 2005‐2011 and 2015‐2016

Angaengati 38 11 12 13 13 0 0 9 5 8 4 0 113

Ndutu 15 8 4 3 15 20 0 0 0 0 4 0 69

Old east gate 50.1 18 88 123 10.7 0 0 0 0 0 115 213.4 618.2

Oldupai 9.8 9.8 9.8 9.8 9.8 9.8 9.8 9.8 9.8 9.8 9.8 9.8 117.6

Nasera 14 11 1 1 14 0 0 0 0 0 0 0 41

Olbalbal 40 29 7 4 6 0 0 0 0 0 0 0 86

seneto 17 3 6 7 7 0 0 0 2 1 16 0 59

Lerai 100 6 9 19 34 0 0 0 3 2 10 0 183

Ngoitokitok 39 9.5 6 29 19 0 0 0 0 5 17 0 124.5

Munge 41 9 4 11 24 0 0 0 15.3 4 3 0 111.3

Nainokanoka 131.1 96.5 144 135.5 54.4 0 0 0 15.3 42.5 205.6 254.6 1079.5

Alailelai 15 29 85 158 34 0 0 0 12 15 91 181 620

Naiyobi 105.5 161 0 180.5 166.5 0 0 0 0 55 115 0 783.5

Endamagha 19 7 8 17 13 0 0 15 0 12 20 0 111

Mbulumbulu 68 81 89.2 292.5 39 0 0 0 0 43.5 89.9 0 703.1

Month JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC TOTAL

Head quarter 333.9 201.2 245.2 115.3 67.4 20.3 0 1.7 0 0 44 112.1 1141.1

Mokilal 67 160.6 120.5 134 78 13 0 0 0 113 77 529 1292.1

Esirwa 71 9 0 35.5 0 0 0 0 0 0 19.2 7 141.7

Endulen 86.4 129.9 219.1 126.9 0 0 0 0 0 2.1 101.3 140.9 806.6

Esere 0 87 135.2 37.5 22 0 0 0 0 2.2 56.4 82 422.3

Kakesio 0 88 0 0 0 45 0 0 0 0 0 4.5 137.5

Angaengati 0 86 0 0 0.5 0 0 0 0 0 0 7.4 93.9

Ndutu 0 53 0 31.6 3.9 0 0 0 0 2 0 24 114.5

Old east gate 68.7 54 156 68.7 68.4 0 0 0 0 2.1 16 147.3 581.2

Oldupai 363 45 10 0 0 0 0 0 0 0 0 8.5 426.5

Nasera 0 4 0 24 11 0 0 0 0 0 0 0 39

Olbalbal 0 2 0 27 3.6 0 0 0 2.7 3.3 2.5 11 52.1

seneto 56 55 0 9 55 0 0 0 0 0 0 0.5 175.5

Lerai 49 59 0 35.5 51 0 0 0 0 0 0.5 0 195

Ngoitokitok 99 10 0 20.5 10 0 0 0 0 0.7 1.3 5.7 147.2

Munge 52 0 0 0 1 0 0 0 0 2 0.5 0.5 56

Nainokanoka 169 245 171 169 35 0 0 0 0 43.7 102.8 129.3 1064.8

Alailelai 191 271 215 52 35 0 0 0 0 68 47 134 1013

Naiyobi 191 0 215 20 0 0 0 0 0 0 120.5 0 546.5

Endamagha 0 40 5.8 0 0 0 0 0 0 0 0 129.5 175.3

Mbulumbulu 65.7 155.8 288.7 65.7 72.2 2 0 0 72.2 0 119.1 80 921.4

Month JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC TOTAL

Head quarter 84.6 115.5 193 52.2 139.2 34.8 13.7 7.2 13.4 113.5 133.3 112.2 1012.6

Mokilal 229.5 179 95 27 14 67 0 15 44 113 85 275 1143.5

Esirwa 0 8 8.7 0.5 0 0 0 0 4.1 1 17.7 16.7 56.7

Endulen 116.5 59 297.3 74 10.4 46 9.5 0 21 72.5 124.2 198.3 1028.7

Esere 0 53.5 93 1.6 15.6 18 0 118 14 19 75 54 461.7

Kakesio 3 4 8.3 0 0 0 0 0 0 3 3.7 20.7 42.7

Angaengati 8.1 0 19.6 0 0 2.5 0 0 1.4 2.3 9.2 13.3 56.4

Ndutu 94.6 0 78.2 28.7 0 40.9 7.1 0 26.7 81.2 92.5 76.9 526.8

Old east gate 0 0 0 0 15 8 6.1 9.2 0 1 12.5 26.5 78.3

Oldupai 6.5 0 120 0 0 15 0 0 0 0 44 0 185.5

2011

2010
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NCA Rainfall Data from 2005‐2011 and 2015‐2016

Nasera 3 2.5 15.5 0 0 5.3 0 0 0 0 3.8 6.5 36.6

Olbalbal 0 4 11.5 0 0 4.5 3.9 5 6.2 4 9.2 9 57.3

seneto 0 0.5 8 0 0 0 13 2.1 1.2 0 7 5 36.8

Lerai 0 0 17.2 2.8 1 1.5 0 0 2.4 1.4 5.6 11.1 43

Ngoitokitok 6.8 4.5 12 3.5 0.5 0.7 0 0 2.3 2.1 7.9 13.7 54

Munge 0 1.5 8.5 0 0 2.7 0 0.4 6.6 0 5.6 10.2 35.5

Nainokanoka 70.2 30.8 108.6 34 126 12 0 10.5 44.9 117.2 248 122.5 924.7

Alailelai 89 37 115 9 11 4 2 7 19 45 98 131 567

Naiyobi 70.5 75 188.5 93 15 0 0 0 0 25.5 186.2 223.7 877.4

Endamagha 16 7 11.7 13 0.2 4.8 0 0 0.5 2.1 10.7 10.6 76.6

Mbulumbulu 8.5 14.8 126.5 140.6 59.6 2 0 0 0 44.1 201.2 92 689.3

Month JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC TOTAL

HQ

seneto 20 21.5 24.5 24.8 7.2 29 26.2 0 18.6 13.1 9.5 10.8 205.2

lerai 78 84.9 94.9 100 0 80 32 0 47.1 15.6 6 12.9 551.4

Munge  95 80 62 55 12.2 63.5 27.1 0 57.2 59.7 52.1 61.9 625.7

Ngoitoki 64 64.1 85.2 74 5 74 69.5 24 0 49.6 33.5 34.5 577.4

Olbalbal 49.2 42 23.1 37 1.5 25.5 67.1 26 20.9 7.5 19 70.1 388.9

Nasera 15 17 80.3 15.8 17.5 104.3 5 19 19.9 18.6 8.5 56.3 377.2

Old gate  27.5 23 47.2 7 9.5 47.9 23.5 6 6.5 7 16.2 19.7 241

Kakesio 47.1 46 26 11.2 0 45.2 6 35.6 22 16 16 25.5 296.6

Esirwa 42.3 39.1 16 18.5 13.8 26.2 39 18 13.1 13.7 18.6 32.5 290.8

Endamag 34 29 0 91.2 9.4 31.5 20.7 5 5.5 12 8.7 16.1 263.1

Angata 8 72 33 48.5 0 6.5 0 6 9 10 193

Mbulumbul 44.1

Month JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC TOTAL

HQ 0 0 0 0 7 7.2

seneto 8.6 16 19.5 22.1 31.5 28 0 0 0 28 64 8.5 226.2

lerai 21 32 75.9 51 39 72 2 0.5 0 12.5 5.5 46.8 358.2

Munge  65.7 32.7 33.4 24 81 38 0 7 3 9.3 41 54 389.1

Ngoitoki 39.5 75.6 40 77.2 72 72 6 0 0 4 5.5 70 461.8

Olbalbal 23 17.8 0 9.5 30.5 3 1 0 0 5.5 0 20 110.3

Nasera 19 .5 38.5 30.2 32.5 32 0 2.5 0 5 15.2 0 32.8 188.7

Old gate  34 32 39.6 38.1 43.5 45 0 0 4 26.2 2.5 21.5 286.4

Kakesio 30 50 26.2 48 48.1 0 1 0 4.7 23 16 18.5 265.5

Esirwa 13.2 36 63.7 61.1 74 0 0 3 0 7 3 33.5 294.5

Endamag 50.5 36 50.1 37.3 35.5 0 3 0 0 3 0 11.6 227

Angata 62.4 79.1 81.5 84 4 3 0 31.4 85 40.9 471.3

Mbulumbul NIL NIL NIL 0 0 0 45 6.7 60.5 112.2

Notes:

Rainfall Measurements collected by NCAA

NCAA = Ngorongoro Conservation Area Authority

NCA = Ngorongoro Conservation Area

2016

2015
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NCAA HQ Rainfall Data from 1963‐2014

YEAR JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC TOTAL

1963 140.7 80.1 170.3 240.3 130.8 50.6 10.0 2.7 8.1 NIL 310.3 200.9 1344.8
1964 40.6 140.4 190.4 290.2 30.1 10.0 20.0 10.0 5.5 6.3 30.0 150.1 923.6
1965 100.7 70.1 120.9 150.4 70.1 NIL NIL 2.5 50.0 10.8 2.5 50.5 628.5
1966 20.2 70.6 140.3 30.7 50.8 50.1 NIL 1.0 4.5 10.7 10.5 60.0 449.4
1967 50.0 80.6 60.8 250.7 260.1 70.6 100.0 50.1 50.5 70.8 170.7 200.3 1415.2
1968 120.1 80.9 100.7 160.3 260.6 4.3 4.5 0.5 0.5 8.6 100.2 200.8 1042.0
1969 94.9 129.6 13.9 16.5 11.4 5.4 22.8 NIL 46.2 160.0 245.3 76.2 822.2
1970 251.3 88.1 191.2 115.7 94.7 22.5 NIL NIL 5.5 6.0 105.4 177.9 1058.3
1971 55.9 69.5 37.3 224.3 47.4 18.8 15.8 15.1 NIL NIL 28.6 97.8 610.5
1972 104.6 128.7 108.7 84.2 108.8 31.3 5.8 NIL 0.9 121.7 154.4 181.4 1030.5
1973 303.8 278.8 5.4 181.4 39.1 13.1 NIL NIL 8.0 10.0 34.4 38.8 912.8
1974 51.6 56.6 308.4 39.5 48.9 41.5 72.0 10.4 10.4 2.7 42.1 82.1 766.2
1975 66.1 32.2 142.8 121.2 118.2 3.6 28.9 NIL 8.7 15.0 4.5 117.9 659.0
1976 54.0 90.8 112.0 206.2 42.0 27.3 3.5 6.2 15.5 16.5 57.3 81.8 713.1
1977 133.1 173.2 103.1 300.8 85.6 85.6 2.3 1.9 10.0 14.4 112.8 145.5 1130.7
1978 160.0 61.3 228.1 197.4 58.7 12.1 2.7 NIL NIL 40.1 51.8 131.5 943.7
1979 140.4 103.7 136.6 227.8 26.5 10.1 34.4 3.0 3.0 7.0 3.0 110.0 805.5
1980 73.1 22.6 10.4 69.5 93.7 12.7 7.0 58.4 12.7 10.1 80.7 57.1 508.0
1981 73.0 60.5 183.8 137.6 NIL NIL 2.5 28.4 6.0 35.0 23.3 121.1 671.2
1982 90.2 62.3 48.5 152.1 137.6 49.7 15.5 30.0 30.6 102.3 167.8 156.4 1043.0
1983 352.8 75.3 287.2 329.1 299.4 80.5 13.7 4.9 14.4 16.0 45.9 87.9 1607.1
1984 103.3 39.7 97.3 178.3 29.2 20.3 25.2 NIL 1.1 105.7 110.4 105.2 816.2
1985 28.8 96.5 282.4 203.9 79.4 5.7 5.3 2.5 NIL 15.0 129.5 71.4 920.4
1986 86.0 20.0 189.7 191.1 139.5 11.1 NIL 2.0 1.0 81.5 99.5 179.5 1000.9
1987 135.3 99.0 141.1 71.0 141.5 4.5 NIL 11.1 NIL NIL 37.7 72.2 713.4
1988 215.2 56.7 93.7 176.3 10.5 28.0 0.5 17.3 6.1 23.4 29.9 87.2 744.8
1989 117.6 122.4 203.3 318.0 180.0 21.1 NIL 10.0 20.0 118.3 NIL 187.4 1298.1
1990 76.3 167.4 167.8 179.0 128.0 4.0 NIL NIL 2.5 NIL NIL 160.0 885.0
1991 97.9 40.0 83.0 128.2 94.8 7.7 2.2 NIL NIL 43.0 38.2 284.0 819.0
1992 NIL 91.0 67.0 330.0 14.0 NIL NIL NIL NIL 10.4 7.0 188.4 707.8
1993 128.0 108.0 104.0 NIL 103.0 NIL NIL NIL NIL NIL 6.0 NIL 449.0
1994 130.0 170.0 320.0 270.0 210.0 45.0 32.0 NIL NIL 66.0 87.0 76.0 1406.0
1995 2.0 20.0 67.0 109.0 98.0 NIL NIL NIL NIL NIL NIL NIL 296.0
1996 NIL 91.0 NIL 284.0 128.8 35.1 NIL NIL NIL NIL 15.0 204.4 758.3
1997 NIL NIL 274.9 428.6 258.4 47.0 15.0 NIL NIL 35.0 206.0 440.1 1705.0
1998 292.3 NIL NIL NIL NIL 37.0 NIL NIL NIL 17.0 51.0 26.5 423.8
1999 107.5 10.5 167.0 85.1 6.0 NIL NIL 32.0 8.0 0.5 35.5 51.0 503.1
2000 38.0 89.7 79.0 78.8 73.2 16.5 1.0 33.0 NIL NIL 122.0 155.0 686.2
2001 369.0 88.5 171.2 181.2 99.3 5.9 25.0 6.0 NIL 1.0 41.0 63.9 1050.4
2002 145.4 113.9 142.0 234.0 147.1 NIL 20.0 16.0 NIL 60.5 56.0 216.6 1150.9
2003 146.0 64.0 67.1 157.5 207.5 22.0 10.2 1.0 4.5 44.7 96.4 54.8 724.5
2004 46.7 75.8 141.4 198.0 55.6 9.3 1.5 NIL 19.5 29.7 92.7 217.8 897.0
2005 70.7 125.5 219.4 154.0 55.5 30.4 10.3 11.0 5.0 43.0 75.2 52.2 852.2
2006 91.2 60.8 202.1 307.5 162.0 41.0 18.4 8.6 NIL 52.1 203.4 321.6 1468.7
2007 293.1 236.0 219.0 196.0 213.8 51.2 22.6 75.5 5.4 16.3 18.9 133.4 1413.2
2008 92.5 141.0 175.5 214.1 20.1 48.5 0.0 2.3 6.3 113.0 128.0 138.0 1079.3
2009 99.5 113.2 99.9 264.5 52.8 18.0 0.0 4.0 0.0 47.0 83.7 115.2 897.8
2010 7.7 125.5 219.4 154.0 55.5 30.5 11.0 5.0 43.0 35.0 22.0 48.0 819.4
2011 333.9 201.2 245.2 115.3 67.4 20.3 0.0 1.7 0.0 0.0 44.0 112.1 1141.1

2012 56.6 45.8 131.7 271.7 126.8 2.2 NIL 17.8 4.7 18.7 48.1 146.7 870.8
2013 231.1 98.9 156.4 271.5 126.8 2.2 0.0 10.1 23.1 11.7 15.4 198.2 1145.4
2014 5.1 83.2 209.1 83.1 44.4 30.7 0.3 NIL 29.7 28.3 35.2 146.7 695.8

Average 122.9 95.0 148.7 187.2 102.9 26.6 15.2 14.5 13.1 38.2 75.8 135.6 912.0

Notes:
Rainfall measurements tajeb by NCAA HQ in milimeters
NCAA HQ = Ngorongoro Conservation Area Authority Head Quarters
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Kisima Ngeda Rainfall Data from 1995‐2015
Longitude 35.22 E ; Latitude 3.30 S

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC TOTAL

1995 31 102 47 16 6 202

1996 95 133 49 18 79 374

1997 35 18 55 125 3 75 222 533

1998 245 158 57 171 75 11 717

1999 205 20 296 67 16 604

2000 12 35 161 6 116 189 519

2001 188 25 131 23 367

2002 262 74 75 23 134 7 42 150 767

2003 57 72 52 17 198

2004 58 20 25 99 10 3 18 207 440

2005 66 95 105 15 3 11 295

2006 107 57 165 66 5 117 263 780

2007 42 173 45 2 6 12 15 185 480

2008 33 69 197 14 58 20 391

2009 64 60 75 196 3 88 58 544

2010 125 83 153 28 2 66 457

2011 86 96 96 9 2 8 105 58 460

2012 36 9 47 97 6 79 107 381

2013 53 86 74 156 6 5 62 442

2014 73 73 85 57 1 12 3 22 19 79 424

2015 42 14 20 176 2 2 256

Average 91 70 96 66 12 1 1 1 0 2 36 84 459

Notes:

Rainfall measurements taken by Chris Schmelling in milimeters
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